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ABSTRACT 

A two-dimensional hard-disk model of thin-film deposition is described; it is 

of the type originally introduced by Henderson, Brodsky, and Chaudhari (1974). We 

have implemented a simple (and necessarily approximate) way to incorporate the 

effects of surface diffusion in our model, and a means to connect the input 

parameters of the computer algorithm to the evaporation parameters of substrate 

temperature and evaporation rate. 

In the limit of no surface diffusion (low substrate temperature), the model 

predicts a dendritic structure with large voids; this is the Henderson model. With 

sufficient surface diffusion (higher substrate temperature), a structure of closely 

packed crystallites is predicted, and the root-mean-square surface roughness is less 

than half that predicted by a Henderson-type simulation. This dependence of 

microstructure on substrate temperature is similar to a zone transition originally 

described by Movchan and Demchishin (1969) in metal and oxide films. 

We consider the effect of changing the angle of vapor incidence from normal to 

oblique. As this angle is increased, a certain critical angle is reached, at which the 

film density drops and the surface roughness rises precipitously. Both effects result 

from large columnar voids that develop; the structure of the material that comprises 

the columns between the voids is similar to the structure of depositions simulated at 

normal vapor incidence. 

In a separate study, we simulate the growth of a thin film in two dimensions 

with a computer implementation of the molecular dynamics (MD) method. The 



IS 

system consists of a krypton substrate maintained at a temperature of 10 degrees 

Kelvin, toward which argon atoms are periodically directed (with a velocity 

corresponding to 120 degrees Kelvin). The resulting argon film follows the 

(horizontal) spacing of the krypton lattice until the thickness approaches an average 

thickness of about ten monolayers. As deposition proceeds, the configuration of the 

film changes to incorporate an edge misfit dislocation at the film-substrate interface; 

this relieves the interfacial stress. We also apply the MD method to study the 

relaxation of thin-film structures predicted by the hard-disk growth model. 



CHAPTER 1 

INTRODUCTION 

Introduction to Optical Thin Films 
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Thin films produced by evaporating a material onto a substrate usually have 

different properties than the corresponding bulk material. The reason for this 

difference has been traced to the microstructure of the thin films (see for example 

Macleod 1982, Guenther 1984, Macleod 1986a). Usually evaporated materials assume 

a structure very different from that found in the bulk material, whether the bulk 

form be crystalline, a pressed polycrystalline form, or an amorphous solid. Most 

evaporated thin films produced for optical applications have a columnar 

microstructure; this has been found to result from the relatively low substrate 

temperature and low kinetic energy of the evaporated material. The substrate 

temperatures usually must be fairly low for purposes of economy and to avoid 

damaging the substrates (which are often glass or plastic). 

Amorphous solids are usually formed by quenching a volume of a liquid 

(Zallen 1983). Often, thin films are formed by quenching at a surface; the columnar 

structure of thin films deposited at low substrate temperatures results from this. The 

individual columns found in thin films range from being nearly single crystals to 

being amorphous. Polycrystallites in the columns mayor may not have a preferred 

orientation, and their crystal structure (phase) mayor may not be the bulk crystal 

structure normally observed at the same temperature. Sometimes multiple phases 

coexist in the same film, even in the same region of the film. Sometimes nearly 
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amorphous structures result from thermal evaporation; for example, the material 

silica (SiOs) generally condenses in this way. The types of structures obtained vary 

widely and depend on the deposition process and conditions, the materials 

evaporated, and the substrates; usually, however, there is some sort of columnar 

structure. 

A number of competing processes for producing thin films exist, though not all 

methods may be applied to all materials. Methods such as sputtering and chemical 

vapor deposition (CVD) are finding application when film durability is an issue, but 

evaporation from a thermal source or an electron beam gun is often more economical 

and flexible, and is compatible with many materials. The materials of interest for 

optical applications cover a wide range, from low-melting-point metals to high

temperature melting-point refractory oxides. Materials such as ZnS that decompose 

easily may be evaporated. The substrates may be of many different types; they need 

not be heated to high temperatures as is often this case with processes such as CVD. 

There has been considerable effort to modify the evaporation process to improve film 

properties yet retain the economy of the method. 

Definition of an Optical Thin Film 

By an optical thin film we usually mean a layer of a material that is thin 

enough to support interference effects for light of the coherence length of interest. 

Here, an optical thin film is any film produced by condensing material onto a 

supporting plate (substrate), capable of either reflecting light or of supporting 

interference effects. Though we approach the subject from the perspective of optical 

thin films, the results cross into a wide range of thin-film applications. 
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Preparation 0/ Thin Films 

Discussion of the various film-deposition processes would be quite lengthy, and 

therefore inappropriate for this work. Such processes are described, for example, in 

Maissel and GIang (1970), Vossen and Kern (1978), Bunshah (1982), Pulker (1984), 

and Schuegraf (1988). 

Thin-Film Design and Applications 

A matrix method for calculating the performance of a series of thin-film layers 

was originally put forth by Abeles (1950). While this breakthrough was important 

enough in its day, the development of computer technology has enhanced its use to 

the point that the calculation of the performance of a complicated multilayer stack at 

various wavelengths and angles of incidence is no longer a serious problem. 

A number of powerful techniques have been developed for designing thin-film 

multilayer stacks; such techniques are described in Macleod (1986b) and Thelen 

(1989). The books of Macleod (1986b) and Pulker (1984) have sections devoted to 

applications of optical thin films. These applications include antireflection coating of 

optical surfaces in instruments such as binoculars, filters for the selective 

transmission of narrow wavelength bands of light, very high reflectance mirrors, and 

coatings for artificial gems. 

Introduction to Thin-Film Modeling 

Those who develop thin-film materials usually focus on the relationship 

between a given process and process parameters and resulting film properties. 

Properties of interest include the index of refraction, extinction coefficient, stress, 

and film durability. Varying the parameters of the process, such as substrate 
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temperature or evaporation rate, changes these macroscopic properties. Experiments 

are conducted to determine the dependence of the properties on the process, and 

optimize the film properties. 

In fact, a number of factors affect the nature of the film that eventually 

condenses on the substrate. Material is mobilized, is transported to the substrate 

(which is at a certain temperature), and condenses to form the film. It is common to 

consider various stages of the film-formation process separately for each type of 

process (evaporation, sputtering, etc.). Figure 1.1 is our attempt to identify and 

categorize these stages, and to highlight the way various modeling schemes can allow 

us to understand the thin-film-formation process. 

The rounded rectangles in Figure 1.1 represent measureable quantities, 

observable structures, or processes characteristic of a thin-film growth process. They 

are listed from top to bottom in cause-effect order; we now consider each stage in a 

little detail. 

Obserrables 

1) Deposition Process and Process Parameters 

The deposition process is broadly the type of deposition method used. 

Examples are thermal evaporation, sputtering, chemical vapor deposition, dip coating 

processes, and sol gel methods. The process parameters are the specific parameters 

used in the process. For example, in thermal evaporation these parameters include 

the substrate temperature, the evaporation rate, and the pressure in the chamber. In 

the case of ion-assisted deposition, the ion gun voltage and current parameters would 

be added to the usual evaporation parameters. In the case of DC diode sputtering, 

parameters include the voltage between the target and the substrate, the gas pressure, 
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Figure 1.1. Scheme for categorizing modeling of thin films. 
The (rounded) rectangles represent observable quantities or processes, and 
the ellipses represent models which connect the observables to one 
another. 
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and, again, the substrate temperature. 

2) Physical (and Chemical) Parameters at the Growing Inter/ace 

The particular process parameters give rise to certain conditions at the substrate 

or growing film interface. These microscopic conditions ultimately determine the 

structure that the film takes. Such conditions include substrate temperature, the 

energy of the arriving atoms, and bombardment by other constituents such as 

sputtering gas atoms. 

3) Microscopic Physical Processes at the Growing Inter/ace 

This is closely related to the above category; these include processes such as 

self-shadowing, surface diffusion, bulk diffusion, and column disruption by 

energetic ions. Preferential sputtering of certain crystal orientations by bombarding 

ions may cause a preferred orientation; in the absence of bombardment, a preferred 

orientation is often a densely populated atomic plane. Discussion of preferred crystal 

orientation is widespread in the literature; an introduction to its detection is given by 

Segmtiller and Murakami (1985). 

4) Film Microstructure 

The term microstructure usually refers to the physical arrangement of material; 

usually in thin films it is columnar in nature. Into the category of film 

microstructure we additionally include any structural features of the film, such as 

degree of crystallinity (and phases present), existence of dangling bonds and color 

centers in the film, and the presence of impurities. Chapter 2 is an introduction to 

the physical microstructure; other details of thin-film structure such as those related 
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to the chemistry is beyond the scope of this dissertation. 

5) Macroscopic Film Properties 

Ultimately the macroscopic film properties determine the usefulness of a thin 

film material. The optical properties and the mechanical properties are the driving 

factors: index of refraction (n), extinction coefficient (k), hardness, abrasion 

resistance, stress, adhesion, and uniformity of the film over the substrate. These 

properties are heavily infuenced by the film microstructure. 

Properties of a film are not always the same throughout. For example, 

inhomogeneity in structure (changing structure as a function of thickness) can result 

in a film when conditions at the growing interface change during deposition; this can 

lead to optical inhomogeneity. In a similar way anisotropy in structure (for example, 

columns) can lead to optically anisotropic films. 

Models 

In Figure 1.1, we regard modeling as a means to connect observables. We 

represent general categories (our categorization) in Figure 1.1 in ellipses. Our 

categorization scheme identifies models by the observables they connect; we now 

briefly consider each general type. 

1) Mobilization and Transport Models 

The material that eventually forms a film must come from somewhere; in the 

case of evaporation it is a heated source from which material evaporates or SUblimes. 

The distribution of material from evaporation and sputtering sources is usually 

modeled by a cosine law (see, for example, Maissel and GIang 1970). 
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The distribution of material emanating from a source does not necessarily 

reflect the distribution of material in the region of the substrate. Gas scattering, for 

example, can change the directional and energy distributions of the material during 

transit from the source to the substrate. In the case of conventional evaporation, such 

changes are usually negligible; in the case of reactive evaporation or sputtering they 

can be very important. Modeling of the material mobilization and transport in the 

cases of evaporation and sputtering is briefly reviewed by Bartholomeusz et al. 

(1987). 

2) Surface Physics Models 

We define surface physics models to be those which reveal something about the 

dominant physical processes occurring at the growing film interface; usually these 

models are too small to be considered useful for predicting microstructure. Often 

these models are molecular dynamical in nature. Examples of this type of model 

include the work of Tully, Gilmer, and Shugard (1979), in which the nature of 

surface diffusion was studied with molecular dynamics. 

Nucleation is a topic that has received attention for at least 60 years; the 

literature is vast (see for example, Lewis and Anderson 1978, Vook 1984). 

Nucleation models of the Monte Carlo type (for example, Outlaw and Heinbockel 

1983), and more recently of the molecular-dynamic type (for example, Voter 1987) 

are also beyond the scope of this work. 

3) Film-Growth Models 

Models of this type predict thin film microstructural morphologies when either 

the conditions at the substrate or the dominant physical processes occurring at the 
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substrate are known. This type of model has been the most widely developed (and is 

also the tool used in our work here). Generally, we break this type of modeling 

down into the nature of the fundamental assumptions made in the model. Atomistic 

models have indivisible discreet units (atoms) that may move about within a 

simulation volume. Continuum models are characterized by some set of equations 

that describe the film growth. The hierarchical and fractal models are difficult to 

categorize, and thereby deserve their own category. 

3a) Atomistic Deposition Models 

Atomistic models have found broad application in physics and materials science 

over the years. A widely-known model is that of Bragg and Nye (1947), who used 

floating rafts of soap bubbles to simulate the crystal structure of a metal. This model 

predicted defects such as grain boundaries, dislocations, and stacking faults that had 

been inferred to be present in real metallic crystals. Atomistic (hard-disk) models of 

amorphous solids have been constructed by hand (for example, Bernal et al. 1960, 

1964, Finney 1970) and with computers (for example, Bennett 1972). 

Atomistic computer models for the simulation of film growth may by divided 

into two general types. On-lattice models restrict the atoms to reside only in discreet 

locations (usually the sites of a perfect square or hexagonally close-packed lattice). 

The construction of off-lattice models permits atoms to travel anywhere within the 

simulation space (however computers store particle positions with limited accuracy). 

3a-J) On-lattice atomistic models 

This type of model is characterized by a division of space into equal-sized units 

(of atomic size). At any given time during the simulation, each division of space is 
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either full (with one atom) or empty. Perhaps the crudest of the simulation models, 

its simplicity gives the advantage that extremely large simulations may be carried out 

(the reader may be reminded of percolation theory - see for example, Heerman 

1986). 

Meakin (1987) developed a computer model in which atomic sites are 

represented by squares in two dimensions. Meakin showed that the surfaces of very 

large simulations of this type may be described in fractal terms. Miiller (1985), 

starting with the concept of the on-lattice Monte Carlo model of Outlaw and 

Heinbockel (1983), simulated the effect of varying substrate temperature during film 

growth. . Atoms were confined to discreet positions in a hexagonally close-packed 

lattice; this model is further described in Chapter 4. 

We note in passing that most studies of diffusion limited aggregation (DLA) 

utilize square on-lattice simulations (see, for example, Witten and Sander 1981). 

3a-2J OIl-lattice atomistic models 

Two categories of off-lattice atomistic models exist. In the hard-disk type, an 

atom is represented by a solid disk (or sphere) and the disks are not allowed to 

overlap. In the molecular-dynamics type, an atom is characterized by its position, 

velocity, and interaction potential; the trajectories of the atoms are calculated 

dynamically. A further description of the molecular-dynamics method is given in the 

Appendix. 

3a-2aJ Hard disk models 

The first computer model of the hard disk/sphere type to simulate the growth 

of thin films was described by Henderson, Brodsky, and Chaudhari (1974). Spheres 
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were serially deposited onto a random array of atoms (also spheres) that served as a 

substrate. Probably because of its relative simplicity and modest demands for 

computer calculations, this is the most popular thin-film-growth model; usually the 

implementation is two dimensional. Table 1.1 summarizes previous work in which a 

variation of the Henderson-type model was utilized. 

3a-2b) Molecular-dynamic models 

The improvement in computer capabilities in the 1970s and 1980s has made 

possible the application of molecular dynamics to the study of thin-film growth 

processes. We defer our brief review of molecular dynamics film-growth modeling 

to Chapter 6. 

3b) Continuum Models 

A number of models use analytical formalisms to describe film growth. Blech 

(1970) used geometric considerations to describe step coverage in evaporated films; 

Bindell and Tisone (1974) used a similar model for the step coverage from an 

extended sputtering source. These models are concerned only with the thickness 

distribution of the growing film; an argument could be made for including them in 

the mobilization and transport model category, since the only parameters in the 

models are the vapor distribution and the substrate geometry. 

Ramanlal and Sander (1985) introduced a continuum treatment of the ballistic 

aggregation process. In this model, the tangent rule is assumed, and the asymptotic 

shapes of structures determined. In the case of ballistic aggregation on a point seed, 

the treatment predicts a 19.5° expansion of the growth, in agreement with ballistic 

aggregation simulations. 
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Table 1.1. Summary of hard-disk simulations. 

Henderson, Brodsky, and Chaudhari (1974) 
First application of a hard sphere model to simulate thin ftlm growth. Observed 
anisotropic column formation with oblique vapor incidence. 

Kim, Henderson, and Chaudhari (1977) 
Incorporated a mobility mechanism in which particles bounced after impact with 
an atom already incorporated into the ftlm. Film densities higher than with the 
previous simulation. 

Dirks and Leamy (1977); Leamy, Gilmer, and Dirks (1980) 
Simulated binary alloys and systems with no atomic relaxation. Demonstrated that 
the angle of the columns in the simulations approximately follows the tangent rule 
(see Chapter 2). 

Guenther and Leonhard (1982); Guenther (1984); Guenther, Smith, and Liao (1986) 
Compared results of their simulations to a number of ftlm cross sections. 
Modeled nodular growth in evaporated ft1ms. 

Sikkens et al. (1984) 
Applied statistical methods to the analysis of Henderson-type depositions. 

Liao and Macleod (1985) 
Mobility mechanism was included in which particles hopped between adjacent 
sites. Simulation density increased with increasing mobility. 

Bartholomeusz (1987) 
Simulated the sputter deposition of multi-component systems. 

Meakin and Jullien (1987) 
Performed two and three dimensional simulations with several different atomic 
relaxation schemes. 

Sargent, Song, and Macleod (1987); Sargent and Macleod (1987) 
Simulated the propagation of sinusoidal substrate surface variations by a growing 
ftlm. Modeled multi-component systems; a simple potential was used to 
distinguish the sites between which adatoms hopped. 

Smith (1987) 
Modeled nodular growth in evaporated and sputtered ft1ms. 

Brett (1988, 19898, 1989b) 
Simulated ion bombardment during thin-ftlm growth (1988). Included a mobility 
mechanism in which the most favorable nearby site was chosen by each arriving 
evaporant atom (1989a). Simulated deposition over channels (1989b). 
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Lichter and Chen (1986) formulated an equation that accounted for material 

accumulation from the vapor and material redistribution attributable to diffusion of 

adatoms on the surface. These authors found that the effects of increasing surface 

diffusion were to increase the column size and to reduce the column angle (for a 

particular vapor deposition angle). Mazor et al. (I987) formulated a similar model, 

and emphasized the ability of such a model to qualitatively describe the Zone 1 -

Zone 2 transition. 

Jc) Hierarchical and Fractal Models 

Messier and Yehoda (I985) presented a growth cone computer model, in which 

cones compete with each other for existence. The cross sections predicted by this 

simple model do indeed resemble real thin film cross sections. Yang et al. (1987) 

elaborated on the model; their goal was to simulating real-looking thin film cross

sections with more general power law cones (such as parabolas) emerging from 

nucleation sites. 

4) Calculation of Properties from Microstructure 

The models we place in this category are models in which a microstructure is 

either assumed or observed, and properties are calculated based on the 

assumed/observed structure. A few early models of this type were made before the 

nature of the columnar morphology was understood. 

Koch (1965), measuring the shift in index, modeled MgFJ as closely packed 

spherical aggregates and estimated the diameter of the aggregates to be 100 to 200 

angstroms. Pulker and Jung (1971) later successfully modeled the water sorption of 

ZnS, cryolite, and MgF J with a columnar model of microstructure, and were able to 
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calculate the inner surface area and average column radius. 

Galeener (1971a, 1971b) modeled the microstructure of amorphous germanium 

as ellipsoidally-shaped voids. Using effective medium theory, disks randomly 

oriented lead to a depolarization factor of 0.8. It is stated that these disks might go 

all the way to the surface - that is, the model would be applicable to a columnar 

structure, though not limited to one. 

A number of successful models have been based on the columnar morphology 

of films. Pulker and Mtlser (1979) modeled stress in evaporated thin films using a 

grain boundary (column boundary) model. Their model and experiments suggest that 

a lack of impurities in a film leads to voids at the grain boundaries; this leads to 

tensile stress. If impurities are present in the film, they tend to migrate to the grain 

boundaries. This may lead to a significant reduction of tensile stress, as in MgF2, or 

in some cases, to compressive stress, as in ZnS. 

Harris et at. (1979) modeled the microstructure of thin films as expanding 

columns. The optical inhomogeneity (variation of index of refraction with film 

thickness) calculated from the model was found to agree with experiment for several 

different thin film materials. Jacobson, Horowitz, and Liao (1984) applied the model 

of Bragg and Pippard to calculate the birefringence expected from structures 

resulting from their thin-film deposition simulations; the calculated values for the 

principal indices of refraction agreed with those measured in a sample of obliquely

deposited zirconia. 

5) Empirical Microstructure Models 

These models are essentially summaries of experimental results, and primarily 

are the structure-zone models, which are derived from original work of Movchan and 
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Demchishin (1969). The tangent rule comes from measurements on thin-film column 

angle vs vapor deposition angle. As these models are closely related to observations 

of the microstructure itself, we defer further discussion to Chapter 2. 

6) Empirical Modeling 0/ Film Properties 

Most practical thin-film work fits into this category; properties of a thin film 

are optimized by finding empirically the optimum deposition conditions. 

Process modeling, developed for example by Machorro (1986), jumps across all 

of these steps, going straight from the process parameters to the film properties. 

Machorro has used this method to model the inhomogeneity in thin films given that 

the substrate temperature varies during deposition. This type of model may be very 

useful in the area of thin-film materials development. A number of experiments may 

be run, and the ideal compromise in the parameter space then determined through the 

process modeling. 

Dissertation Content 

This dissertation considers two types of thin-film growth modeling; before 

delving into the specifics of our modeling work, in Chapter 2 we briefly review thin

film microstructure. We emphasize the physical (columnar) structure in films that 

has been observed with various cross-sectional microscopy techniques, and the 

important structure-zone diagrams. 

Of the microstructure-predicting growth simulations described in the previous 

section, the hard-disk variety has probably enjoyed the greatest popularity. This is 

because of their relative simplicity and consequently the large simulations possible. 

In spite of this popularity, the Zone 1 to Zone 2 transition observed in thin films (see 
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the next chapter) has not been clearly shown with this type of simulation. We 

describe our implementation of a hard-disk simulation, and compare its similarities 

and differences to related models, in Chapter 3. This model is capable of clearly 

showing the zone transition; the reason it can do so is simply that we include a 

mechanism to average the inaccuracy of the computer storage of the particle 

positions. 

In Chapter 4 we present a study of the effect of surface diffusion on thin-film 

morphology, and compare our results to the on-lattice "stochastic gas" model of 

MUller (1985). Our model predicts the commonly-observed zone transition; our Zone 

2 structure is comprised of columnar grains whose width increases as the substrate 

temperature increases. In Chapter 5 we present simulations that also have variations 

in the vapor-incidence angle. We see a slightly different dependence of density on 

angle of vapor incidence than that suggested by previous authors. 

In Chapter 6 we describe work we performed with a molecular dynamics 

model, a two-dimensional simulation of an argon film grown on a krypton substrate. 

We also describe the results of allowing a molecular-dynamics simulation relax 

structures predicted by our hard-disk simulation. 

We summarize our results and suggest avenues for future research in Chapter 7. 
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CHAPTER 2 

THE THIN-FILM MICROSTRUCTURE 

This chapter summarizes some of the important observations that have been 

made about the microstructure of thin films. We concentrate on thin films that are 

useful in optical applications, but also note important work outside of the optical 

thin-film community when it applies generally. Further, our emphasis is on 

thermally evaporated films, because we have directed our models toward this area. 

Early Work 

Early observations of the reflection anisotropy in obliquely deposited thin metal 

films may have been one of the first hints that evaporated thin films do not behave 

as bulk materials; a review is given by Horowitz (1983). Bauer's (1934) observation 

that evaporated alkali halides were not as dense as the crystalline bulk form provided 

more direct evidence. 

The technological developments in vacuum-pump technology that allowed 

workers such as Bauer to produce coatings by thermal evaporation also aided those 

developing characterization tools such as x-ray diffraction, electron microscopy, and 

electron diffraction. These techniques were applied to investigate thin film 

structures, particularly the structures of metal films. The technique of replication 

was applied to view the surfaces of bulk materials and thin films. Early use of the 

surface replication technique is reviewed by Holland (1963). 
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Levinstein (1949), utilizing the methods of electron microscopy and electron 

diffraction, found a correlation between the material melting point and the structure 

obtained; metal films were deposited on nominally room-temperature substrates at 

roughly 10-6 torr. Low-melting-point materials tended to take crystalline forms, 

with the crystallites exhibiting a preferred orientation as evidenced by sharp oriented 

x-ray diffraction patterns. Moderate-melting-point metals displayed the sharp 

diffraction pattern, but without the orientation of the crystallites. The highest

melting-point metals displayed diffuse diffraction rings, indicating a finely 

polycrystalline structure. 

KOnig and Helwig (1950) proposed shadowing on a microscopic scale as the 

mechanism for the formation of a rough texture when films are deposited at oblique 

angles of vapor incidence. Holland also observed this effect (1953), the effects of 

gettering at oblique incidence (in poor vacuum conditions) on reflectivity in 

aluminum films (1958), and wear resistance degradation at oblique vapor incidence in 

MgF2 films (1956). 

Structure-Zone Diagrams 

Movchan and Demchishin 

Movchan and Demchishin (1969) proposed a structure-zone diagram based on 

their experimental arrangement. These authors established a gradient in temperature 

across lamellar substrates of copper and niobium. Thick films of Ti, Ni, W, Zr02, 

and Al20 3 were evaporated onto the substrates with e-beam guns at high rates, 

forming films up to 2 mm thick. For each material, the structure and properties of 

the film were examined over the range of temperatures through the use of a single 

sample. Our interpretation of the structure-zone diagram is shown in Figure 2.1. 
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Zone 1 Zone 2 Zone 3 

Figure 2.1. Structure-zone diagram (after Movchan and Demchishin 1969). 
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The structures were characterized by three general regions: 

(1) T.ub/Tm < 0.3 (the metals); T.ub/Tm < 0.22-0.26 (the dielectrics); In this 

temperature regime the structure is characterized by tapered "crystallites" 

having domed tops. The diameters of the crystallites increased with 

temperature. The increase in the column widths was found to correspond to a 

low activation energy. The sub-structure of the "crystallites" was described as 

an "intra-block structure of poor resolution." If a glow discharge treatment 

was performed on the substrate before the deposition, it was noted that the 

Zone 1 columns were smaller and less distinct. 

(2) T.ub/Tm < 0.45-0.5. This region is characterized by highly crystalline 

columns, with flat tops, and a smooth matt appearance. The disorder is 

confined to the grain boundaries between the columns. The activation 

energies were found to roughly correspond the activation energy for surface 

diffusion. 

(3) T.ub/Tm > 0.45-0.5. The structure consists of equi-axed grains, and the 

surface has a bright appearance and a polyhedral structure. In a later paper 

(Movchan, Demchishin, and Kooluck 1974), the authors mention that the 

activation energies corresponding to the increase of the diameters of the 

grains correspond with the activation energies for bulk diffusion (in iron). 

The authors observed that the Zone 2 - Zone 3 transition transverses the 

condensate obliquely (Figure 2.1). 

The physical properties of strength and ductility of the samples extracted from 

the Zone 3 portion of the film were found to roughly agree with those expected from 

recrystallized bulk samples, while specimens from Zone 2 were found to be of 

considerably higher strength and lower ductility. 
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Extensions of Thornton and Messier: Sputtering 

Thornton (1974, 1977) extended the zone diagram to include the sputtering 

method, specifically hollow cathode sputtering. He found it necessary to expand the 

dimensionality of the zone diagram to include a dependence on sputtering gas 

pressure. He observed that when the sputtering gas pressure was low, the columnar 

Zone I structure gave way to a fibrous structure without voided boundaries; 

Thornton called this Zone T for transition zone between Zones I and 2. Strictly, he 

defined that zone as the "limiting form of the Zone 1 structure at zero T/Tm on 

infinitely smooth substrates." The effect of the gas pressure was, at the time, 

attributed to the reduction of surface-atom mobility by adsorbed working gas atoms. 

Thornton observed that the surface of the films in the (sputtering) Zone 2 

region had faceted tops, unlike that surface of the evaporated films reported by 

Movchan and Demchishin. The Zone 2 - Zone 3 transition was generally not 

observed and was assumed to occur at a higher temperature. Copper was the 

exception; the Zone 2 - Zone 3 transition temperature occurred at T.ub/Tm :0: 0.75. 

In the 1977 paper Thornton describes how substrate roughness and oblique 

vapor incidence, in addition to working gas pressure, serve to "kick" the Zone T 

structure into a Zone I structure. He observes that ion bombardment can have the 

opposite effect of suppressing the development of the Zone I structure. Messier, 

Giri, and Roy (1984) made the observation that in rf sputtering experiments, the 

Zone T - Zone I boundary goes fairly linearly with the floating substrate potential, 

which is a nonlinear function of the sputtering gas pressure. They attributed the Zone 

T structure to the bombardment of the growing film by ions accelerated from the 

plasma to the substrate. 
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Thornton (1987) points out that different mechanisms are responsible for the 

Zone T structure in the rf sputtering and magnetron sputtering cases. In the case of 

the rf sputtering experiments of Messier, the substrate is in the plasma discharge, and 

working gas ions are accelerated to the substrate. In the hollow cathode sputtering 

configuration, the substrate is quite removed from the plasma and ions cannot be 

accelerated to the substrate surface. The Zone T structure results from working gas 

atoms that are neutralized and reflected from the target and then bombard the 

substrate. 

Cross-Sectional Electron Microscopy 

The introduction of cross-sectional techniques revolutionized the understanding 

of thin-film structure, since a more or less direct observation of the structure was 

possible. Before this, the concept that the thin-film structure was basically columnar 

was not appreciated. Two primary techniques utilizing the transmission electron 

microscope (TEM) are used to observe thin-film cross sections: microfractography, 

and direct cross-sectional TEM. Of course, cross sections can also be viewed with a 

scanning electron microscope (SEM) if the thin film material is conducting. SEMs 

lack the spatial resolution of TEMs however, and electron-diffraction studies are not 

possible. 

Micro/ractography 

Nieuwenhuizen and Haanstra (1966) first introduced the microfractography 

technique. This technique involves coating a fracture surface with carbon, and 

dissolving the film away. Usually a thin layer of a heavy metal such as palladium is 

used to enhance the contrast of the micrograph. The thin carbon replica is then 
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viewed in a transmission electron microscope. Regions where the palladium layer is 

thick appear dark in the electron microscope. Columns in the films were plainly 

visible. 

Nieuwenhuizen and Haanstra found that the columns were not oriented in the 

same direction as the incident vapor; the dependence of the column angle on the 

evaporation angle was found to follow a rule related to the tangents of these angles. 

If a is the angle at which the evaporant arrives, then the column angle /J was 

observed to roughly follow the rule 

1 tan/J = 2 tana (2.1) 

the columns are tilted at an angle that is somewhat less than the evaporant angle. 

Kooy and Nieuwenhuizen (1966) observed competition between small columns near 

the substrate-film interface; as the film grew fewer (but larger) columns remained. 

Pearson (1970) refined the microfractography technique to allow the 

examination of dielectric films; he specifically studied films of ZnS, MgF 2' and 

cryolite. Lissberger and Pearson (1976) used this method to investigate problems 

associated with the manufacture of multilayer optical filters. Guenther and Pulker 

(1976) examined a number of thin-film materials with the technique, and compared 

the method with SEM imaging of cross sections. 

The interesting result of this micrography work on dielectric materials was that 

the dielectric optical thin films exhibited structures similar to those of metal films, 

both structures being of a columnar nature. 
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XTEM: Cross-Sectional Transmission Electron Microscopy 

During the past decade, techniques have been developed in which thin cross 

sections of thin-film structures are viewed directly with a TEM. The requirement 

here is that extremely thin samples must be prepared, so that a sufficient electron 

flux is transmitted through the sample, and sample charging doesn't play a role. The 

usual method is similar to that described by Lewis et aI. (1989); epoxy mounted 

samples are abrasively thinned, then ion thinned to perforation. The specimens are 

then placed on copper TEM grids and directly observed in the scope; there wiII be a 

region around the perforation at which the thickness is optimum for viewing in the 

TEM. The method has perhaps one drawback in that it must be assumed that the 

abrasive and ion thinning procedures do not modify the structure being examined. 

Figures 2.2 and 2.3 show cross sections of BaF z films deposited on. substrates at 

temperatures of 400 C and 3S0oC respectively (Lewis et al., 1989). 

Klinger and Swab (1986) describe the use of the ultramicrotomy technique to 

obtain cross-sections of films. In this technique, a small piece of the cross section of 

the film and substrate is embedded in epoxy, and the cross-sectional slices of the 

correct thickness are cleaved from a sample with a small diamond knife. This 

technique has the advantage of not requiring abrasive or ion thinning to obtain 

samples of thicknesses appropriate for TEM viewing; these procedures can create 

artifacts. The disadvantage of the procedure is the relatively frequent occurrence of 

artifacts caused by the distortion of the film during the slicing procedure; however 

these artifacts are considered easy to distinguish (Swab and Klinger, 1988). Cross

sections of a ZrOz/SiOz multilayer film prepared using the ultra-microtomy 

technique are shown in Figures 2.4 and 2.S. 



40 

200nm 

Figure 2.2. TEM cross-section of a barium fluoride film deposited at 40° C 
(Lewis et at. 1989). Reproduced with permission of the authors. 
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200nm 

Figure 2.3. TEM cross-section of a barium fluoride film deposited at 3S0oC 
(Lewis et at. 1989). Reproduced with permission of the authors. 
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Figure 2.4. TEM cross-section of a zirconia-silica multilayer stack (Klinger 
and Swab 1986). The silica layers are light and featureless; the zirconia 
layers are dark and exhibit a dendritic structure. Reproduced with 
permission of the authors. 
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100 nm 

Figure 2.S. High magnification TEM cross-section of a zirconia layer in a 
zirconia-silica multilayer stack (Klinger and Swab 1986). 
Reproduced with permission of the authors. 
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Elucidation 01 the Columnar Structure and the Tangent Rule 

Considerable work has ensued since the columnar microstructure was first 

revealed. Nakhodkin and Shalverdan (1972) observed a dependence of column angle 

with substrate temperature in aluminum films. These authors observed that the 

columns tended toward the normal as the substrate temperature increased. The 

columns disappear entirely when the vacuum in which the films are deposited in is 

reduced to 10-9 torr. 

Leamy and Dirks (1977) made similar observations in their investigations of 

rare-earth transition-metal films; the films they observed obeyed the tangent rule. In 

a subsequent paper (Dirks and Leamy 1977), they simulated thin-film growth with a 

Henderson-type model, and showed that the small columnar structures in their 

models also obeyed the tangent rule. They made a geometrical argument about the 

reason that this should be so in the case of low surface-atom mobility. 

Many models (of the type that we call "calculation of properties from films") 

based on the columnar microstructure have been successful in explaining a number of 

thin-film properties; several of these have already been discussed in Chapter 1. 

Observations of a Fractal Nature of Thin Films 

In the past decade a number of authors have reported on a fractal nature of 

thin films. Loosely speaking, a fractal is a structure that looks the same when 

magnified a specified amount; the specific magnification may be repeated a number 

of times (Mandelbrot 1983). Such structures are often referred to as self-similar 

structures. 

Messier and co-workers have published a number of papers on hierarchical 

structures in thin films (Messier et al. 1984, Messier and Yehoda 1985, Yehoda and 
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Messier 1985, Yehoda and Messier 1986, Messier 1986). This series of papers 

suggests that the basic thin-film morphology is a hierarchy of columns, the smallest 

of which are perhaps 1 to 3 nm in diameter, and the largest of which depend on the 

film thickness. Guenther (1987) has observed a hierarchical structure of columns in a 

small portion of a sample of MgF J that was removed from the shutter of a coating 

plant. 

Yehoda and Messier (1986) and Varnier et. al. (1988) have shown that surfaces 

of some thin-film materials exhibit a fractal nature. Meakin (1987) has shown that 

simple ballistic deposition onto a planar surface leads to a film surface with a fractal 

nature. Church (1988) has shown that fractal surfaces are not correctly characterized 

by rms surface roughness and autocorrelation length, as is often done in practice. 

This suggests that light scattering from surfaces should correlate with parameters 

associated with the fractal nature of the coating rather than the rms surface roughness 

and autocorrelation length. 

Undesirable Aspects of the Thin-Film Microstructure 

Usually thin-film microstructure is thought to have a negative influence on 

film properties, because most properties of interest are degraded compared to the 

corresponding bulk-material properties. Probably the most severe detriment of the 

microstructure is the degradation of the mechanical properties of the films. Films 

often have high stress levels and typically exhibit reduced durability; these effects are 

a direct result of the thin-film microstructure. Reviews of the mechanical properties 

of films are given, for example, by Hoffman (1966), and more recent observations 

are summarized by Pulker (1984). 
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Usually the optical behavior of films is less objectionable; most materials have 

a slightly lower index of refraction than the bulk. The columnar structure of films 

deposited at normal incidence introduces a uniaxial form birefringence that can be 

large, but not troublesome for normally incident illumination. In the case of films 

deposited at oblique incidence the microstructure is often accentuated, and 

birefringence becomes more noticeable in normally-incident light. 

In the case of metal films deposited at oblique incidence, an anisotropy in the 

reflected light is observed; the films also have rougher surfaces than normally

deposited films of comparable thickness (Holland 1953, Kivaisi 1982, Horowitz 1983, 

Gee, Hodgkinson, and Wilson 1986). 

In view of these factors, processes that reduce the effects of the columnar 

microstructure have been sought. Since the surface adatom mobility usually cannot 

be directly affected except by increased substrate temperature, emphasis is on 1) 

higher energy evaporant particles, and/or 2) bombardment of the film with energetic 

particles (for example, with argon ions). Energetic deposition methods include such 

processes as sputtering, ion-assisted deposition (lAD), ion plating, and ion beam 

sputtering (IBS). These methods are reviewed, for example, by Pulker (1984) and 

Gibson (1987). It is important to note that the purpose of most of these methods is 

not to fabricate bulk-like materials; often it is considered better to have completely 

amorphous dense films rather than bulk-like films. 

In contrast to the general trend toward more energetic deposition processes, 

some authors advocate film deposition by molecular beam epitaxy (MBE). Lewis et 

al. (1989) have used MBE to produce thin films composed of very thin alternating 

layers; the tendency for columnar growth to occur may be disrupted, and refractive 

index synthesis is possible with such a method. 
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Possible Applications of the Thin-Film Microstructure 

Usually the microstructure introduces undesirable effects as discussed above. 

However, in a few respects, the microstructure can actually cause improved 

properties of films. For example, Movchan and Demchishin (1969) observed that the 

hardness of metals (nickel, titanium, and tungsten) deposited in the Zone 1 

temperature regime was much larger than the corresponding bulk metals; the 

improved hardness was attributed to the disordered structure found in Zone 1. The 

hardness dropped in the Zone 2 temperature regime, and was approximately down to 

the bulk hardness by Zone 3. Films deposited in Zone 2 were found to have greater 

strength and lower ductility than the bulk metals. 

Slocum (1981) describes films of metals, such as aluminum, that are deposited 

at oblique incidence to form apparently discontinuous films of whiskers. The film 

acts as a hertzian polarizer in the near infrared (the "pass" axis of the polarizer is 

perpendicular to the whiskers). Films of this general type are available, for example, 

from Melles Griot (Melles Griot Optics Guide 4, 1988, pages 15-20 and 15-21; 

MeUes Griot, 1770 Kettering Street, Irvine, CA 92714). 

Horowitz (1983) studied the polarization effect found in obliquely deposited 

continuous columnar films of AI and ZrOs' The polarization effect in the metal 

studied was of a quite different nature than that described by Slocum: lower 

absorption was in a direction parallel to the columns, the effect attributable to 

increased absorption in a direction perpendicular to the columns (rather than a 

hertzian effect). The ZrOJ films deposited at oblique incidence were found to have a 

large birefringence: the principal indices of refraction were 1.502, 1.575, and 1.788. 

This fit well to the form birefringence expected from tilted columns of elliptical 

cross sections, where the major axis of the columns is perpendicular to the plane of 
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vapor incidence (and the larger index of 1.575). 

Summary 

Many materials deposited on substrates held at temperatures below about half 

of the material melting point form films that display a columnar microstructure (SiOs 

is a notable exception; however the thin film properties still deviate from those of 

bulk silica). When the energy of atom arrival is low, thermally-induced adatom 

mobility is the dominant influence on what structure a material will take when 

deposited as a thin film. 
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CHAPTER 3 

THE HARD DISK. DEPOSITION SIMULATION 

This chapter describes our implementation of a hard disk deposition model and 

provides a few examples of its capabilities. Methods used to characterize the 

computer-simulated depositions are also discussed. 

The basis of the simulation is the serial random deposition of hard disks; one of 

the first computer simulations of this type was described by Henderson, Brodsky, and 

Chaudhari (1974). The simulation we have developed is two dimensional: atoms (or 

molecules) are modeled as rigid disks. In this model, the only intrinsic property of 

an atom is its diameter. The computer implementation of the model was originally in 

the form of a Pascal program (Sikkens 1984). Liao (1985) introduced a mechanism 

by which impinging atoms diffuse from the initial site of impact with the film. We 

have implemented a Fortran version of this code, and have modified it to include: the 

capability for multi-component depositions; some subtle changes in the way the final 

position of a particle is determined; an approximate method of connecting a physical 

basis to the mobility mechanism. In its low-mobility limits, the results of the 

previous models of Henderson et at and Dirks and Leamy (1977) may be reproduced. 

Description of the Algorithm 

Framework 

The coordinate system of the simulation is divided into a grid network. The 

cells composing the grid are small enough that no more than one atom may have its 
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center within the domain of one; hence, the smallest particle type is required to be 

v'2cell units or greater. Arrays whose elements correspond to the cells are utilized to 

keep track of the atoms in the computer algorithm. One of these arrays is the 

identification array; if an element of this array is zero, the cell is empty - that is, no 

atom has its center within the domain of the cell in question. If an array element has 

a nonzero value n, an atom of type n has its center in the corresponding cell. Up to 

15 different types of atoms are allowed; the only difference between the different 

atoms are their diameters. Other arrays store the x and y coordinates of an atom 

within a cell if the cell is not empty. 

This method leads to a speedy algorithm; the price is in the computer memory 

storage space required because at least 50% of the cells turn out to be empty. The 

cell unit is the natural length unit of the simulation, however we convert to atom 

diameters to report results. Apparently, not all researchers performing Henderson

type simulations use this method (for example Meakin and JuIlien, 1987). Figure 3.1 

illustrates the cell framework. To minimize edge and size effects, periodic boundary 

conditions are applied in the horizontal direction (particles traveling out of the 

simulation on one side reappear into the simulation on the other side). 

The Substrate 

A substrate composed of atoms is generated by the program; these substrate 

atoms may be arranged in various ways. The most commonly used arrangement is a 

flat, linear array of atoms. To investigate the role of film growth on uneven 

surfaces, substrates may be modeled as atoms varying sinusoidally in height. A 

substrate composed of atoms arranged in a two-dimensional fcc lattice may be 

utilized; this is handy if the finished simulation is to be inserted into a molecular-
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Cell Atom 

Figure 3.1. Cell (matrix) framework. 
The matrix of celIs is designed so that no more than one atom may have 
its center in a cell. 
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dynamics simulation for relaxation, as we describe in Chapter 6. 

Some authors have arranged substrate particles in a random fashion to ensure 

an amorphous starting point (e.g. Henderson, 1974). Sikkens (1984) and Brett (1988, 

1989a, 1989b) required that atoms coming into contact with regularly spaced substrate 

atoms "freeze" at impingement (without settling into a cradle). We found that if the 

substrate and film atoms differ in diameter by a few percent or more, the simulated 

films are similar to the simulations of Dirks and Leamy (1987). Any ordering effect 

of the substrate is generally lost within the first ten or twenty monolayers of the film. 

Various substrate configurations are illustrated in Figure 3.2. 

Impingement 0/ Film Atoms 

We will refer to a new atom introduced into the simulation as an evaporant 

atom. Our model is a serial deposition model; that is, there is only one evaporant 

atom in motion at a time. All other atoms in the simulation are frozen in place. 

After an evaporant atom impinges and optionally undergoes surface motions as 

described below, it too is frozen in place, and a new evaporant atom is introduced 

into the system. 

Each evaporant atom is introduced randomly at a level a few atoms above the 

highest point on the substrate or growing film. The direction of travel of an atom 

may be fixed, or may oscillate to simulate substrate rotation. Each atom type may 

have its own direction of travel, so co-evaporation from spatially separated sources 

may be simulated. The program determines the point where the new atom first 

touches an atom in the substrate or growing film, and advances the evaporant atom to 

this point. 



Figure 3.2. Hard-disk simulation substrates. 
(a) Linear array of atoms. 
(b) Crystalline array of atoms. 
(c) Array of atoms having a sinusoidally-varying surface. 
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The particle may remain at this impingement site (the zero-relaxation limit 

described by Dirks and Leamy) or may relax from the initial impingement site into 

the nearest site. where it is supported by two particles. This type of mobility 

mechanism has been widely used. and simulations of this type are often said to be of 

the "Henderson type." Figures 3.3 (a). (b). and (c) are examples' of the relaxation

free model. for 00 • 300 • and 600 • Figure 3.4 is an example of a Henderson model 

deposited at a zero-degree angle of vapor incidence. 

Bartholomeusz (1987) and Smith (1987) have suggested the need for a 

distribution of impingement directions when simulating the process of sputtering. In 

the case of thermal evaporation. the evaporant is much more nearly un i-directional. 

because of two important differences between evaporation and sputtering. First. the 

evaporant source is usually relatively small and far from the substrate; a ratio of 20 

or greater is not uncommon (source size. 3 cm; source-to-substrate distance. 0.6 

meter). In this case the divergence about the nominal direction is approximately 

±1.4°. The corresponding ratio for sputtering may range widely. but it is typically on 

the order of unity. Also. in transport from source to substrate evaporated molecules 

seldom collide with gas atoms. Typically. sputtered atoms undergo a number of 

collisions with the inert gas plasma before finding their way to the substrate. 

Mobility of Film Atoms 

A scheme for introducing greater mobility was described by Kim. Henderson. 

and Chaudhari (1977). On impingement. atoms have a finite probability of suffering 

an elastic collision - in their words. "bouncing". If an atom bounces. it either 

contacts another atom in the deposit (and the process is repeated). or it is lost from 

the simulation. If the particle does not bounce. it settles into the nearest stable site as 



GROW89Ga [program date 23 September 1989] 
RUN I D: FREEZE1-00 DATE: 20 October 1989 
Particles freeze upon impingeImnt; A.O.I. = 0 deg. 
750x300 (500x200 di aIm. ); Df IDs = 0.90 

Figure 3.3 (a). Hard-disk simulation of film growth in the zero-relaxation limit -
0° angle of vapor incidence. VI 
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GROW89Ga [program date 23 Septenilier 1989] 
RUN I D: FREEZEl-30 DATE: 20 Oct ober 1989 
Particles freeze upon impingement; A.O.I. = 30 deg. 
750x300 (500x200 diams.); Df/Ds = 0.90 

Figure 3.3 (b). Hard-disk simulation of film growth in the zero-relaxation limit-
300 angle of vapor incidence. ~ 



GROW89Ga [program date 23 Septenilier 1989] 
RUN I D: FREEZEl-60 DATE: 20 October 1989 
Particles freeze upon impingement; A.O.I. = 60 deg. 
750x300 (500x200 di ams. ); Df IDs = 0.90 

Figure 3.3 (c). Hard-disk simulation of film growth in the zero-relaxation limit-
600 angle of vapor incidence. VI 
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GRDW89Ga [program date 23 September 1989] 
RUN ID: ANG5-00-000 DATE: 20 September 1989 
Surface Mobility: Tm/Ts = 0; A.D.I. = 0 deg. 
750x300 (500x200 di aIDS. ); Df IDs = 0.90 

Figure 3.4. Henderson-type hard-disk simulation of film growth (normal vapor 
incidence). VI 
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in the Henderson model. This mechanism focuses on the kinetics of the initial 

interaction of an evaporant with the growing film; we have not incorporated this 

particular mechanism into our model. 

The mobility mechanism implemented in our simulation was first described by 

Liao and Macleod (1985). An atom, after impinging and relaxing to a stable position, 

is considered adsorbed; we refer to such atoms as adatoms. In the model of Liao and 

Macleod, an adatom may diffuse between stable positions on the substrate (or over 

previously deposited particles). An adatom in a stable position is (by definition) in 

contact with two previously deposited atoms, which we will call neighbors. The 

"older" of the two neighbors is the one the adatom comes into contact with first 

(before relaxing); we designate this atom OLD2. We designate the other neighboring 

atom (the "newer" neighbor) OLDI. The hopping algorithm searches for a new 

position by seeking another neighbor in the previously deposited atoms such that it 

and the OLD! particle can support the new evaporant adatom. Once the closest such 

position is found, the names of the neighbors are changed to reflect the movement 

OLD! becomes OLD2, and the new neighbor becomes OLDI. 

In the simulation of Liao and Macleod, once a particle begins hopping it 

continues in the same direction. This surface diffusion is controlled by a random 

distribution (the parent distribution of which was an input parameter) and is 

characterized by an average diffusion length. This serves as a specification for the 

number of hops the adatom undergoes. Once the mobility is exhausted, the adatom 

never moves again; a new evaporant atom is introduced into the system and the 

process begins anew. The path of an incoming evaporant is not affected by the 

growing film (until it contacts it), nor does it cause any displacements in atoms of the 

growing film; the only atom moving is the atom being deposited. 
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The diffusion length X. measured in adatom diameters. of an adatom was found 

to be roughly related to the hopping probability distribution by 

x .. 0.6 + 1 Rl + 2RJ + 3R3 + 4R4 + ...• (3.1) 

where Rl is the probability that the adatom stops after one hop. RJ is the probability 

that the adatom stops after two hops, etc. On average. in these simulations. the 

average distance per hop was found to be about one diameter. Liao and Macleod 

included the distance that a particle "settles" after impingement; in a two-dimensional 

Henderson-type simulation this distance is 0.6 diameters on average. 

Inclusion of this mechanism in the simulation results in films having higher 

packing densities (as does the mechanism of Kim et al.. 1977). Measuring density 

relative to a two-dimensional hexagonally close-packed structure (which fills about 

9/10 of two-dimensional space). the densities of simulated films range from 0.6 

without inclusion of the mobility mechanism to 0.78 for diffusion lengths of about 2 

diameters. 

Modifications and Motivation for the Mobility Mechanism 

We assume that the only cause of surface diffusion is thermal activation. That 

is, periodically an adatom receives enough energy from the substrate/growing film to 

"hop" out of its stable position and settle into an adjacent stable position. It is 

assumed that by the time a single monolayer is deposited. the particle is effectively 

buried; this regulates the interval of time during which the particle may hop. 

Some workers have used this type of mobility mechanism to account for the 

energy of an arriving atom (Bartholomeusz 1987. Smith 1987). In this case. the 
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hopping distribution might be chosen to agree with a Maxwell-Boltzman distribution 

of vapor-atom velocities. or the expected energy distribution of atoms arriving from 

a sputtering vapor stream as Bartholomeusz did in his simulations of the sputtering of 

alloy films. In our simulation of evaporation, we assume that an arriving atom 

reaches equilibrium with the substrate surface instantaneously. As the average 

kinetic energy of an evaporated atom is about 0.1 eV, this assumption is acceptable 

for most material systems. We assume further motion of the adatom (after settling 

into a stable site) results from thermally-activated surface diffusion, and that the 

number of hops is regulated by two factors: the temperature of the substrate and the 

rate of deposition. 

We assume a newly deposited adatom undergoes Brownian motion on the 

surface of the substrate or growing film surface, as long as the particle has only two 

nearest neighbors. For computational efficiency, the sites where the particle has been 

are stored, so that if the Brownian motion mechanism causes the particle to backtrack 

on itself, the position does not need to be recalculated. In the algorithm this change 

of direction is accomplished by exchanging the OLD 1 and OLD2 particles. We 

assume that all two-neighbor sites are homogeneous, and the activation energy for 

surface diffusion is the only barrier between them. 

Connecting Physical Parameters to the Mobility Mechanism 

Inspired by MaUer (1985 and 1987f), we set out to connect physical parameters 

with the "hops" of our algorithm. The mean adsorption time T a of an adatom is given 

by (Lewis and Anderson 1978) 
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1 (Qa) 'a - ~xp kT ' (3.2) 

where T is the absolute temperature of the surface, k is Boltzman's constant, 110 is a 

constant related to the surface vibration frequency, and Qa is the adsorption energy 

per atom, that is, the activation energy for re-evaporation. A similar equation gives 

the mean diffusion time '. (for surface diffusion) 

1 (Q.) 
'. = 111 exp kT ' (3.3) 

where 111 is another rate constant similar to " 0, and Q. is the activation energy for 

surface diffusion. '. is then~he mean time between hops on the surface. 

In practice, Q. is often found to be roughly one-fourth the value of Qa • Since 

"1 and "0 are approximately equal (Lewis and Anderson, 1978), neglecting the 

possibility of re-evaporation is a reasonable assumption in systems characterized by a 

fairly low adatom mobility. 

We seek to connect these parameters to the number of hops an adatom in the 

serial hard-disk deposition simulation suffers. A particle will remain at a 

homogeneous site for a time '., and sometime within 'm' the monolayer formation 

time, the particle will acquire neighbors from the vapor and become effectively 

buried. The model is serial in nature, that is, a given evaporant adatom undergoes its 

motion and then is frozen forever; the nature of the "burial" must then be assumed. 

We assume that the ratio 'm/'. gives the rough measure of the maximum number of 

hops for the adatoms. We call this quantity the "mobility" and give it the symbol M. 

We assume a uniform distribution from zero to M for the hopping probability 
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distribution; this is somewhat arbitrary but has the advantage of simplicity. Although 

this assumption limits the accuracy of our connection with physical parameters, the 

trends predicted by the model should be essentially correct. The hopping probability 

distribution is shown in Figure 3.S; it should be remembered that the particle has a 

SO% chance of changing direction after every hop. 

If an evaporant adatom hops into a site in which it has three nearest neighbors, 

it is assumed the particle remains at the site. The analogy to surface-growth physics 

is the difference in the residence time for a particle on a homogenous surface to the 

residence time for a particle on a "ledge." The actual mobility of an adatom on the 

surface depends on the nature of the surface; if there are no sites in which the 

adatom has three nearest neighbors, the actual mobility corresponds to that given by 

the M parameter. 

We may find an expression for M = "m/". by manipulating the above formulas, 

and using the expression for the rate constant 111 given by Lewis and Anderson 

(1978): 

II = 2kT 
1 h' 

"m l/Rm M = - = ---=--~--
1', h (Q.) 

2kT
exp 

kT 

= 2kT exp (- Q.) 
hRm kT' 

(3.4) 

(3.S) 

where h is Planck's constant and Rm is the monolayer formation rate (Rm • l/1'm). 
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Figure 3.S. Hopping probability distribution. 
A discrete probability distribution for the number of hops is assumed. 
For M ~ 1, the maximum number of hops is equal to M, and the 
probability distribution is assumed to be a uniform distribution (a). For 
M ~ 1, the maximum number of hops is one, and the probability that the 
atom will hop once is M/2 (b). 
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This gives the desired (approximate) correlation between the model and physical 

parameters. The program is designed so that the ratio f'm/f'. is the single input 

parameter for the mobility mechanism. 

Neighbors 

Models of the on-lattice type simply have a set number of nearest neighbors, 

and all of the nearest neighbors are the same distance away (for example, Outlaw and 

Heinbockel 1983, MOller 1985). In our off-lattice model, a question that arises is 

how close a particle must be to be considered a neighbor. Suppose two particles are 

separated by a distance d, and their diameters are d1 and d2• The quantity 

d - dl /2 - d2/2 is then the gap between the disks; if the gap is zero the disks are 

touching. In our simulation, two disks are considered neighbors if this gap is smaller 

than a certain small value, which we call the capture range. The capture range is an 

input parameter to the simulation program. 

We have run simulations with various values of this parameter, and found the 

results to be quite similar over a wide lattitude of capture ranges, from about 

1/10,000 of an atom diameter to about 1/10 of an atom diameter. We use 1/1,000 of 

an atom diameter for the capture range in all simulations discussed. 

De/ormation Parameter 

Particles in the simulation are stored with an accuracy of about 1 part in 

100,000 of a diameter. Errors creep into the simulation quickly, as is evidenced by 

attempts to grow auto-epitaxial films with the simulation. This is because the 

distance between monolayers is a transcendental number, ../3/2 diameters. To avoid 

such problems, particles are allowed to overlap a small amount we choose 1/1,000 of 
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a particle diameter. The two particles that the evaporant adatom touches determine 

the nominal location; other particles are allowed to be within the small overlap 

distance. 

There are two places where the deformation parameter enters the algorithm. 

The first is when potential new sites are being determined when an atom is about to 

hop. Particles in the film with which the evaporant may come into contact must be 

within Dl + Devap - Deform of the OLDI particle, where Dl is the diameter of the 

particle about which the evaporant atom is rotating, Devap is the evaporant particle 

diameter, and Deform is deformation parameter. Figure 3.6 (a) illustrates this 

situation for the case of equal evaporant and OLDI particle diameters: 

D .. Devap == D1 • 

The second place where the deformation parameter enters into the algorithm is 

when a potential new site is being evaluated for overlap. The particles around a 

potential site (defined by two atoms in the film) are polled to ensure that they would 

not overlap much with the new evaporant particle if it moved there. The Deform 

parameter is the amount of overlap (1/1,000 of an atom diameter) that is permitted. 

Figure 3.6 (b) illustrates this case. 

Relaxation 

If a particle is close enough to be a neighbor, it is unrealistic to assume that it 

has no influence on the position of the new evaporant particle. So when a final site 

is found for a particle, the final position of the particle should be a compromise 

between the 3, 4, or 5 nearest neighbors. We use a simple estimation routine to 

roughly average the influences of the particles; we calculate a displacement vector 
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Figure 3.6. Illustration of the deformation parameter. 
The two situations in which the deformation parameter plays a role in the 
algorithm (described in the text). 
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(3.6) 

where vmove is the small motion the evaporant adatom undergoes, N is the number of 

neighbors, and vi is the vector from the evaporant particle to neighbor i. IWi I is the 

ideal contact distance between the particles in question, that is, the average of their 

diameters. 

This method does not find an ideal position for the new adatom, but for the 

small displacements involved it has always been found to reduce the mean-square 

deviation from the average length 

N 

E(AL)2 = L (Ivil - IWi 1>2 

i=l 

(3.7) 

For situations involving larger displacements (neighbors farther away), a least-squares 

algorithm based on this formula could be implemented. Better, a method based on 

potentials between the atoms could be used. 

Summary and Results 

Figure 3.7 is a flow chart of the algorithm. Figure 3.8 shows how the 

deposition of a typical pariticle is handled by the algorithm. When the small 

deformation and relaxation mechanisms described above are included in the 

simulation, auto-epitaxial growth is possible for high-mobility simulations; without 

the mechanisms the errors referred to above creep in and the auto-epitaxy fails. 

While we are not really seeking to model auto-epitaxy with our simulation model, the 
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Figure 3.7. Flowchart illustrating the algorithm for the deposition of a layer of 
atoms (hard disks). 
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IMPINGEMENT SETILING 

A\, 

(a) (b) 

CHECK FOR NEIGHBORS MOBll..ITY 

(c) (d) 

CHECK FOR NEIGHBORS RELAXATION 

(e) (t) 

Figure 3.8. Example of the deposition of an atom. 
(a) The evaporant atom impinges on an atom on the substrate or growing 
film. (b) The new atom settles into a cradle where it is supported by two 
other atoms. (c) The site is evaluated for the number of neighbors -
since there are only two neighbors, (d) the adatom hops to an adjacent 
site. (e) The new site is evaluated for the number of neighbors - there 
are three this time, so the atom remains at the site. (0 The final position 
of the atom is adjusted slightly as described in the text. 
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model should be (and is) capable of it when the film and substrate diameters are 

equal and the mobility is high. 

Characterization of the Depositions 

Density 

The film density as a function of film thickness is calcuated by adding the 

number of particles along each row of the simulation, and multiplying the sum by an 

appropriate factor. Maps of the density as a function of thickness generally show a 

roughly constant density thoughout the film for low-mobility simulations. In the 

next chapter, for high-mobility simulations, we will see an inhomogeneity in density 

near interfaces. 

Near the substrate, this density function displays an oscillation because the film 

particles follow the substrate periodicity for a short distance. Figures 3.9 and 3.10 

show film density as a function of thickness for the Henderson-type simulation 

shown in Figure 3.4. To avoid misleading results caused by density variations near 

the substrate and by density variations near the film surface, when we characterize a 

simulation by a single value we use the average density determined in the central 3/5 

(thickness) of the simulated film. 

Radial Distribution Function and Coordination Number. 

One way to characterize the structure of a solid is through the use of the radial 

distribution function (RDF). This function is a characterization of the short range 

environment of an average atom in the structure. The RDF of an aggregate of 

identical atoms is given by 
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Figure 3.10. Film density as a function of thickness; Henderson-type model. 
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RDF = g(r) .. ~ :~l ' (3.8) 

where N/V is the average film density, and nCr) is the number density, that is, the 

number of atoms on average found in an shell between rand r + ;r. The RDF is 

normalized so that at large r it is equal to unity. Bartholomeusz et al. (1987) briefly 

review related functions and experimental measurements of the RDF from x-ray and 

neutron diffraction data. In two dimensions, the definition of the RDF becomes 

RDF .. g(r) .. A n
2
(r) , 

N 1IT 

where N/ A is the (areal) density. 

(3.9) 

The three-dimensional simulation of Henderson et al. (1974) was characterized 

by a noncrystalline RDF; there were no distinct peaks. As Dirks and Leamy (1977) 

pointed out, such three-dimensional Henderson simulations result in close-packed 

amorphous structures, while two-dimensional simulations result in the formation of 

hexagonal crystallites. This leads to very boring radial distribution functions, with 

peaks only at discreet locations. Dirks and Leamy sought to simulate amorphous 

films in two dimensions, and avoided hexagonal crystallite formation by performing 

two variations on the Henderson model. In the first variation, they allowed the 

particles to freeze on impingement as described above. The second variation 

involved the deposition of binary alloys, that is, two different particle types were 

employed. The radial distribution functions for the films shown in Figures 3.3 (a) 

and 3.4 (a) are given in Figures 3.11 and 3.12. 

Since the RDF shows no features except changes in the heights of the neighbor 

peaks, Brett (1989a) was led to use coordination numbers to characterize his 



0.05 "T'"""----,,----------------, 

tl o :g 0.04 
tl 
:1 r:.. 

.§ 0.03 

.... 
:1 
:9 
!l 0.02 

111 

is 
ia :a 0.01 
I'll 

P::: 

(Afazimum at 0.317) 

0.00 irnrTTTTTlJTrrm,.,.".rrm'TTTT[TTT1TTTTT'fTT1rrmTIJTrrm"T'!'!""Trrr:n~TTT'I''T:''TTTTmj 
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

Figure 3.11. 

0.80 

tl 
o 
~ 

gO.50 

& 
C 
o 
~ 
:10.40 

..0 
'C .... 
111 .... 
~ 

ia 0.20 

:a 
I'll 

P::: 

0.00 

Radial Distance (diameters) 

Radial Distribution Function for the zero-relaxation model. 

I I 
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

Radial Distance (diameters) 

Figure 3.12. Radial Distribution Function for the Henderson-type model. 

74 



7S 

simulations. The first coordination number is the average number of nearest 

neighbors, the second coordination number is the average number of next-nearest 

neighbors, and so on. We follow Brett in using this as a characterization of our 

simulations. 

Column Angle 

Sikkens (1986) introduced the angular correlation function F(6) to estimate the 

column angle fJ of simulations deposited at oblique angles of incidence: 

L{ T/cos6 }2 
F(6) 0= LP(~-P) Jo C~6 Jo [p(x,y) - p]dy dx . (3.10) 

We utilize this method to estimate coiumn angles as well; the coordinate system for 

the calculation is shown in Figure 3.13. The method fails when the density of the 

films is very high and the column angle is low to moderate, as seen in Chapter 4. In 

this case, the simulations consist of densely packed columnar crystallites. We use a 

protractor to estimate column angles from a plot of the simulated film when the 

angular correlation function method fails. 

RMS Sur/ace Roughness 

We define the surface of a simulated film (at a given horizontal position) as the 

vertical position at which a normally deposited atom would first encounter an atom in 

the film. This definition of the surface is single-valued in the horizontal position. 

We sample the surface in equal horizontal increments, the increment being about one 
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Figure 3.13. Coordinate system for the angular coordination function 
calculation. 
L is the width of the simulation, and T is the thickness of the region of 
the simulated film in which the angular correlation function calculation 
is performed. 
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atom diameter in length. The average surface height is found by averaging these 

values, and the root-mean-square (RMS) surface roughness is the sample standard 

deviation. 

Simulation Example: Effect of Substrate Rotation 

Figures 3.14 (a), (b), and (c) are simulations in which the effect of substrate 

rotation was included. This effect was simulated by varying the direction of the 

impinging atoms back and forth between -450 and 450 with respect to normal 

incidence. Specifically, the angle of incidence Q for the nth atom deposited is given 

by 

(3.11) 

where N is an input parameter for the simulation. If the rotation is slow enough (N 

large), the columnar morphology of the film undulates, as seen in Figure 3.14 (c). 

The effect at faster substrate rotation (N small) is more subtle; the shapes of the 

voids are different than those for a film simulated at normal vapor incidence. For 

comparison the reader may wish to look ahead to Figure 4.1 (b), which is an example 

of a simulation under the same conditions, except without substrate rotation. 
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Surf ace Mobil i ty: Tm/Ts = 4; 
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Figure 3.14 (a). Hard-disk simulation of film growth including the effects of 
surface-adatom mobility (M = 4) and substrate rotation 
(approximately one rotation per monolayer). 
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CHAPTER 4 

EFFECT OF INCREASING MOBILITY: THE ZONE TRANSITION 

We now describe a series of simulations in which we vary the adatom mobility, 

which is characterized by the mobility parameter M (rmfr.). This is equivalent to 

varying the substrate temperature, and we observe a variation in the microstructure 

which is consistent with the structural transition (Zone 1 to Zone 2) observed by 

Movchan and Demchishin (1969) in real films. 

Selection of the Parameters 

We ran simulations of 500-atom width using the PC version of the program; the 

simulations were grown until the top of the deposition reached 200 atom diameters. 

We performed simulations of this size for M = 0, 0.0625, 0.25, 1, 4, 16, 64, 256, and 

1024. Three simulations for each mobility value were run, so a measure of the spread 

in the results could be made. The M = 0 simulations required about one hour to run 

on a 80386-based personal computer, while the M = 256 simulations required about 6 , 

hours. The size chosen was apparently appropriate, as the largest structures, the 

crystallites found in the M = 256 simulation, are less than one-tenth the simulation 

width. Assuming atoms of about 0.25 nm diameter (for example, nickel), the 

dimensions of the simulations are 125 nm x SO nm. This 50-nm thickness is on the 

order of the thicknesses used in optical coatings. 
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Results 

Plots of this series of simulations are given in Figure 3.4 and Figures 4.1 (a) 

through 4.1 (g). The most striking evidence of a transition in these simulations is 

evidenced in these plots; as the mobility increases, the films become more dense and 

more crystalline. In the last two plots, the films are composed of large columnar 

crystallites separated by grain boundaries. The primary differences between these 

last two plots are that the higher-mobility case has slightly wider columns and an 

even smaller void fraction (the density is about 1% higher). 

Density 

We also performed a series of statistical measurements on the simulated films. 

As seen in Figure 4.2, film density increases with increasing mobility. The error bars 

on Figure 4.2 and successive figures indicate the sample standard deviation resulting 

from the three simulations performed at each mobility value. The most interesting 

statistics are tabulated in Table 4.1, with sample standard deviations listed directly 

below the values. 

Coordination Numbers 

The number of nearest neighbors per atom, on average, is shown in Figure 4.3. 

This "coordination number" increases with increasing mobility. There are six nearest 

neighbors in a hexagonally close-packed (hcp) structure. We should note that even a 

film in a perfect hcp structure will not have exactly six neighbors on average, since 

atoms at the surfaces are missing two neighbors each. The numbers of next-nearest 

(second coordination number), third-nearest, and fourth-nearest neighbors are given 

in Table 4.1; they also increase with increasing mobility. 
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RUN ID: ANG5-00-001 DATE: 20 September 1989 
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Figure 4.1 (b). Hard-disk simulation of film growth with adatom mobility of M = 1 
(normal vapor incidence). 
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GRDW89Ga [program date 23 September 1989] 
RUN I D: ANG5-00-004 DATE: 20 Sept ember 1989 
Surface Mobility: Tm/Ts = 4; A.D.I. = 0 deg. 
750x300 (500x200 di ams.); Df IDs = 0.90 

Figure 4.1 (c). Hard-disk simulation of film growth with adatom mobility of M = 4 
(normal vapor incidence). 00 
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GRDW89Ga [program date 23 Septerrilier 1989] 
RUN I D: ANG5-00-016 DATE: 20 Sept ember 1989 
Surface Mobility: Tm/Ts = 16; A.D.I. = 0 deg. 
750x300 (500x200 di ams. ); Df IDs = 0.90 

Figure 4.1 (d). Hard-disk simulation of film growth with adatom mobility of 
M = 16 (normal vapor incidence). 00 
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GROW89Ga [program date 23 September 1989] 
RUN ID: ANG5-00-064 DATE: 20 September 1989 
Surface Mobility: Tm/Ts = 64; A.O.I. = 0 deg. 
750x300 (500x200 di aIDS. ) ; Df IDs = 0.90 

Figure 4.1 (e). Hard-disk simulation of film. growth with adatom mobility of 
M - 64 (normal vapor incidence). 00 
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GRDW89Ga [program date 23 September 1989] 
RUN I D: ANG5-00-256 DATE: 22 Oct ober 1989 
Surface ~obility: Tm/Ts = 256; A.D.I. = 0 deg. 
750x300 (500x200 diams.); Df/Ds = 0.90 

Figure 4.1 (0. Hard-disk simulation of film growth with adatom mobility of 
M == 256 (normal vapor incidence). 00 
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GROW891 [program date 31 October 1989] 
RUN I D: ANG5-00-1024 DATE: 3 November 1989 
Surface Mobility: Tm/Ts = 1024; A.O.I. = 0 deg. 
750x300 (500x200 di ams.); Df IDs = 0.90 

Figure 4.1 (g). Hard-disk simulation of film growth with adatom mobility of 
M = 1024 (normal vapor incidence). 00 
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Table 4.1. Quantities of interest in the zone transition • 

.•• Mobility Parameter (M) ... 

Quantity hcp 0 .0625 .25 1 4 16 64 256 

Density 1.0 0.636 0.646 0.669 0.741 0.820 0.901 0.957 0.972 
±0.004 ±0.004 ±O.OOI ±0.OO3 ±0.OO2 ±0.OO5 ±0.OO3 ±O.OOI 

1st 6 4.445 4.461 4.522 4.692 4.890 5.275 5.606 5.705 
Coordination # ±O.OO9 ±0.OO8 ±O.Oll ±0.012 ±0.0355 ±0.067 ±0.020 ±0.004 

2nd 6 3.226 3.231 3.278 3.397 3.562 4.390 5.167 5.394 
Coordination # ±O.034 ±O.014 ±0.O57 ±0.044 ±0.104 ±0.174 ±O.049 ±0.012 

3rd 6 3.131 3.133 3.193 3.357 3.583 4.408 5.160 5.383 
Coordination # ±0.031 ±0.014 ±0.055 ±0.040 ±0.101 ±0.167 ±0.046 ±0.010 

4th 12 5.235 5.196 5.266 5.528 5.996 8.004 9.865 10.429 
Coordination # ±0.088 ±0.045 ±0.146 ±0.106 ±0.245 ±0.407 ±0.121 ±0.026 

RMSSurface 6.296 5.488 6.107 4.553 3.991 4.356 3.251 2.642 
Roughness ±O.99S ±0.639 ±0.667 ±0.643 ±0.347 ±0.367 ±0.329 ±0.IS4 

\0 -
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RMS Surface Roughness 

Figure 4.4 displays the rms surface roughness as a function of the adatom 

mobility. The roughness is given in units of the film adatom diameters. This 

quantity was found to vary considerably from run to run. The trend that surface 

roughness diminishes with increasing adatom mobility agrees with the Zone Model 

for evaporated films: Zone 2 films have smooth matte surfaces. 

Comparison with MUller's Stochastic Gas Model 

We demonstrated the transition in the off-lattice model using the mobility 

parameter M; now we investigate the dependence on actual physical parameters. We 

choose to do this in such a way that we can compare our results with those of 

MUUer's stochastic gas model (1985). In this model, deposited atoms are aUowed to 

be in on-lattice sites only. The parameters of the model are the diffusion activation 

energy Q., the bond strength between pairs ;, and the temperature of the substrate 

T.. Every atom in the simulation is polled on a time scale that is less than the 

diffusion time scale; those atoms with enough energy to leave their current position 

do so. This model then includes both surface diffusion and bulk diffusion (through 

vacant sites). 

For the case of metals, MOiler parameterizes of Q. in terms of the temperature 

and the metal melting temperature (valid for T < 0.5Tm); this parameterization was 

suggested by the work of Neumann and Hirshwald (1972): 

[ 20 T) Q .... 5 + 3T
m 

kTm, (4.1) 
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Figure 4.4. RMS surface roughness of simulated films as a function of 
surface adatom mobility. 
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This permits us to write an equation for the mobility parameter M as follows: 

(4.2) 

In our comparison with MUller's work, we choose the example of the material 

nickel: Tm = 1453°C, ao - 2.49 Angstroms. The bond strength, does not enter in 

because of our assumptions. The conversion factor we use between MUller's rate and 

our monolayer formation rate Rm is 0.216 monolayers per nm. The converted rates 

are given in Table 4.2 and the converted temperatures in Table 4.3. 

Table 4.2. Conversion between monolayer formation rate (Rm > and 
evaporation rate. 

Rate 

100 nm/sec. 
1 
0.01 

463 monolayers/sec. 
4.63 
0.0463 

Table 4.3. Conversion between mobility parameter M and temperature. 

M R=O.OI R=1 R=100 (nm/sec.) 

0.0625 (2-4) 294.4 347.0 421.7 
0.25 (2-2) 308.5 366.6 450.8 
1 (20) 324.0 388.5 484.1 
4 (22) 341.1 413.1 522.4 

16 (24) 360.0 441.0 567.2 
64 (28) 381.2 472.8 620.0 

256 (28) 404.9 509.4 683.3 
1024 (210) 431.6 552.0 760.3 
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The packing densities for these three rates are plotted on a temperature axis in 

Figure 4.5, for direct comparison with Figure 2 of MUller's paper (1985). MUller 

simulated films at 450 angle of vapor incidence, and decreasing the angle of 

incidence slightly lowers the transition temperature. Comparing our normal

incidence depositions with those of MUller, we see a remarkable agreement in the 

location of the transition. Taking the M - 4 simulation to be the center of the 

transition, the transitions occur at 3400 K, 4100 K, and 5200 K; these temperatures 

correspond to transition temperature ratios (T.ub/Tm ) of 0.20, 0.24, and 0.30 

respectively. 

The center of the transition agrees well with MUliers results, and agrees with 

the Movchan and Demchishen model (1969) in the high-rate case. The width of the 

transition as predicted by our model seems to be larger on the high side of the 

transition than the transition predicted by MUller's model. There are at least four 

possible reasons for this: 1) The zone transition should be more gradual than the on

lattice model would predict; atoms are already arranged in a perfect lattice structure, 

and need only diffuse into vacant sites. In our off-lattice model, crystallites must 

form and then compete with each other for newly arriving atoms, which could have 

the effect of slowing the zone transition. 2) The mobility distribution we chose may 

overexaggerate the slowness of the transition; perhaps the mobility distribution 

should be wider. 3) Our model assumes that an atom having three neighbors becomes 

fixed; no such restriction is present in MUller's model. 4) The nature of the atomic 

relaxation is very different in the two schemes. 

On atomic relaxation: it is important to note that, in a sense, these models 

represent two extremes. The stochastic gas model has no place for atomic relaxation; 

the atoms are in perfect lattice positions, perfectly relaxed. The hard-disk model 
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does not permit any bulk relaxation on any time scale. since the atoms are deposited 

serially. There are many possible rearrangement mechanisms that. unlike surface 

diffusion. take place on the atomic vibrational time scale; in our model they are 

neglected. Examples of short time-scale rearrangements are given in our molecular-

dynamics simulations in Chapter 6. 

The Zone-2 Structure 

Increase 0/ Column Diameter with Increasing Mobility 

In plots of our simulations. competition between the columns in the Zone-2 

structures is observed especially in the early part of the film growth. The column 

width on average increases with increasing mobility in the Zone-2 region. In 

Table 4.4 we list the number of columns at the top of each of the three simulations 

performed at mobilities of 64. 256. 1024 (the Zone-2 simulations). This increase in 

column width is consistent with the observations of Movchan and Demchishin (1969). 

Table 4.4. Average number of columns and average column diameter for high 
mobility simulations. 

No. of columns across tops of simulations Average 
M (ANG3) (ANG4) (ANG5) Average column diameter 

64 21 19 16 18.7 26.8 diam. 
256 16 17 14 15.0 33.3 

1024 10 12 12 11.3 44.1 
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Inhomogeneity in Zone-2 Structures 

The low-mobility simulations have a density profile (density as a function of 

thickness) that remains constant through the film. In the high-mobility simulations, 

a region near the substrate has an amorphous character, before the crystallites 

characteristic of the Zone-2 structure form. Figures 4.6, 4.7, and 4.8 show the 

density profile as the mobility increases from M .. 4, to M == 16, and to M == 256. In 

particular, the high-mobility simulation has density that increases in the substrate 

region, then levels off. Note the oscillations in this function especially near the 

substrate; they are effects of the regularity of the substrate. Oscillations away from 

the substrate for the high-mobility simulations result from the relatively small 

number of crystallites in the simulation. 

Inhomogeneity of this type is observed in real thin films. For example, films 

of ZnS, usually deposited as a Zone-2 material, have been observed to have an 

inhomogeneous index profile (Netterfield, 1976; Preisinger and Pulker, 1974). Harris 

et. at (1979) postulated that the inhomogenous profile in such a case (index of 

refraction increasing) results from columns expanding until they touch and can no 

longer expand. Our microstructure model suggests a refinement to this model: a 

disordered region near the substrate, of lower density, is responsible. Crystallites 

emerge from this and expand to eventually suppress the disordered growth mode. 

It should be noted that the region of inhomogeneity in Preisinger and Pulker's 

films are roughly 100 nm and those of Netterfields are roughly 200 nm; the 

inhomogeneous region in our simulated films is perhaps 10 to 20 nm. The mechanism 

responsible for the disordered structure cannot be expected to be exactly correct; we 

speculate that the covalent bonding ZnS requires longer to relax into the crystallite 

structure. The structure of ZnS and its potential are very different from those of our 
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Figure 4.9. Film density as a function of thickness for 2 layer film; M =< 256. 
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simple hard spheres. 

A multilayer structure of Zone-2 materials could be expected to have multiple 

occurrences of this type of inhomogenity, since the dissimilar materials have to 

evolve into the crystallite configurations allover again. An example of this case is 

shown in the multilayer structure of Figure 4.10, and density profile shown in 

Figure 4.9. 

Summary 

Our hard-disk model is capable of reproducing the zone transition results and 

dependence on rate suggested by Mtlller (1985). Although our model deposits atoms 

serially, and its connection to physical parameters is approximate, its off-lattice 

nature enables it to predict a structure of Zone-2 crystallites rather than a perfectly 

filled lattice. The transition predicted by the hard-disk simulation is somewhat more 

gradual than that predicted by the stochastic gas model of Mtlller. The density of the 

deposits continues to rise slightly after ascension to the Zone-2 region as mobility 

increases. This is apparently because the increasing width of the columns causes a 

higher percentage of the simulation to be crystalline, and a smaller percentage to be 

grain boundaries. 
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We performed a set of simulations similar to those described in Chapter 4, in 

which we varied the angle of vapor incidence a from simulation to simulation. 

Representative simulations are shown in Figures 5.1 (a), (b), and (c) (a = 300 ), and in 

Figures 5.2 (a), (b), and (c) (a = 600 ). We discuss the Henderson mobility limit in 

detail, and compare our results with those of previous researchers. Then we explore 

the effects of increasing the surface adatom mobility. 

Selection of the Parameters 

Simulations of the size chosen in Chapter 4 (SOOx200 adatom diameters) were 

run. Three simulations for each set of parameters were run; we varied the angle of 

vapor incidence from 00 to 700 in 100 increments, and varied the mobility using 

values of M = 0, 1,4, 16, and 64. Vapor incidence angles larger than 700 give rise to 

simulated structures that extend over more than half of the simulation width; results 

of such simulations are questionable. Sikkens (1986) noted similar problems in his 

smaller simulations at high-vapor-incidence angles. 

The Henderson Simulation Limit (M - 0) 

A number of workers have considered structures predicted by the Henderson 

simulation, and examined properties such as density and column angle as functions of 

vapor-deposition angle (Dirks and Leamy 1977, Sikkens et at. 1986, Brett 1989a, 
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Meakin and Jullien 1987). Henderson-type simulations are plotted in Figures 3.4 (a 

= 00 ), S.1 (a) (a. 300 ), and S.2 (a) (Q • 600 ). 

Packing Density 

We plot the packing density as a function of vapor angle in Figure S.3. The 

density remains virtually constant for Q = 00 to a • 200 • At a = 300 , a precipitious 

drop in density is observed; gaps in the fibrous structure are seen to open up. The 

internal dendritic structure appears to remain similar (perhaps with less branching) as 

the angle of vapor incidence increases. This hypothesis is supported by the 

dependence of the coordination number on angle of incidence, plotted in Figure 5.4. 

The coordination number remains nearly constant, suggesting a similar internal 

structure at all angles of incidence. 

Dirks and Leamy (1977) suggested a dependence of density on angle through a 

tangent-rule relationship: 

p(a) ... p(O)(1 - atana) , (5.1) 

where a is a constant, and p(O) is the density of a film deposited at normal incidence. 

Figure S.S is a plot of density vs tanQ for our simulations; the first three data points 

(corresponding to 0 to 200 vapor-incidence angle) are essentially constant, while the 

densities at higher angles follow a straight line. An excellent line fit through the 

points at 30 to 70 degrees is shown on the plot; since it intersects the value at 200 , 

200 represents a critical value in which the behavior of the simluations change. This 

type of behavior has not been postulated previously; it is consistent with the data of 

Nakhadkin and Shalverdan (1972) for evaporated thin films of amorphous germanium 
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(their error bars are large). 

Sikkens et aI. (1986) objected to a strictly linear dependence of density on tanCk, 

since it cannot be correct at very high angles of incidence (the density becomes 

negative). The following relation was suggested: 

(5.2) 

where p and q are constants. Our data fits less well to this relation, as shown in 

Figure 5.6. 

RMS Surface Roughness 

The RMS surface roughness, plotted in Figure 5.7, had a large spread in values 

from simulation to simulation. There is a slight trend toward increasing surface 

roughness with increasing deposition angle, and also perhaps a trend of increasing 

spread. Neither of these trends are as dramatic as those observed in simulations of 

higher mobility, as we discuss below. 

Angular Correlation Function 

The angular correlation function F(B) described in Chapter 3 has been applied 

to estimate the average angle of the dendrites. For low angles of incidence, the 

branches in the dendritic structure appear to cause F(B) to be relatively constant, as 

shown in Figure 5.8. With increasing angle of incidence, the height of the peak rises 

dramatically. 

Figure 5.9 displays the values of the peaks of the F(B) function for the various 

vapor-incidence angles. The standard deviation of three simulations performed at 
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Figure 5.7. RMS surface roughness of Henderson-type (M = 0) simulated 
films as a function of vapor incidence angle. 
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Figure 5.8. Plots oC the Angular Correlation Function (F(II» Cor Henderson
type simulations with vapor deposition angles oC a = 0°, a = 300

, 

and a = 60°. 
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each a is large especially for small a, as discussed above. For comparison we also 

plot the tangent rule, tan(P) - 1/2tana, where P is the column angle. We see that the 

column angle lies slightly above the tangent rule; this agrees roughly with the results 

of Brett (1989a) and Meakin (1987). 

Angle of Incidence and Increased Mobility 

Packing Density 

Figure 5.10 displays the dependence of packing density on a and M on the 

same plot. We note that increasing a and decreasing M both have the effect of 

reducing the film density. The density remains relatively constant at low vapor

incidence angles for a given M. At about a 300 angle of vapor incidence, there is a 

noticeable shift toward lower density. This corresponds to the appearance of voids 

between the structures. For the low-mobility models, this is the dendritic structure 

of the Henderson simulation; for the higher-mobility simulations it is the crystalline 

structure. 

The coordination numbers for the various simulations are plotted in 

Figure 5.1 I. For a given mobility M, these tend to remain constant regardless of 

vapor incidence angle. This lends credence to the hypothesis that the basic internal· 

structure remains the same. Increasing vapor angle past 20 or 30 degrees causes voids 

to form in the intrinsic structure, and hence decreases the simulation density. 

RMS Sur/ace Roughness 

Figure 5.12 displays the dependence of surface roughness on a and M; a large 

variation from simulation to simulation is seen in this property. For low angles of 

vapor incidence, the trend is that higher mobility leads to lower roughness. There is 
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Figure S.IO. Packing density of simulated films as a function .of surface 
adatom mobility, for various vapor-incidence angles. (a) shown 
as density vs. mobility; (b) shown as a contour plot (contour levels are 
densities). 
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2 

Figure S.Il. Coordination number of simulated films as a function of surface 
adatom mobility, for various vapor-incidence angles. (a) shown 
as coordination number vs. mobility; (b) shown as a contour plot 
(contour levels are coordination numbers - average number of nearest 
neighbors). 
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Figure S.12. Root-mean-square surface roughness of simulated films as a 
function of surface adatom mobility. for various vapor
incidence angles. (a) shown as surface roughness vs. mobility (error 
bars are shown for M = 0 simulations only); (b) shown as a contour 
plot (contour levels are values of surface roughness). 
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a small increase of roughness until about 500 , at which point there is a precipitious 

increase in the surface roughness in all but the Henderson-type simulations. This 

precipitious increase in surface roughness has been observed in evaporated thin films, 

for example in aluminum films by Holland (1953) and Kiviasi (1982). 

Holland and van Dam (1956) have shown that the wear resistance of MgFJ 

coatings decreases rapidly with increasing vapor incidence angles above about 400 • 

This correlates to our finding of precipitious density and surface-roughness changes 

at these angles. 

Angular Correlation Function 

A property that has even greater noise than the surface roughness is the peak of 

the angular correlation function. At low angles of incidence and high mobilities, the 

function is relatively flat, and any peaks may be artifacts of the crystalline nature of 

the deposits. Figure 5.13 is plot of the angular F(D) as a function of Q and M; the 

contour levels are values of the F(D) peaks. The upper left area in the contour plot is 

a region where the function essentially has no meaning. In this region, the simulation 

consists of columnar crystallites separated by grain boundaries. The grain boundaries 

propagate at about the angle of the vapor incidence. 

It has been observed (for example, by Nakhodkin and Shalverdan, 1972) that 

the columns tend to disappear as surface-atom mobility during growth increases. 

However, these authors observed structures that were of a much larger dimension 

than the crystallites in our simulations. The issue of the direction of the propagation 

of grains in Zone-2 films appears to be unresolved; we are not aware of any 

clarifying experimental work. 
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CHAPTER 6 

MOLECULAR DYNAMICS SIMULATION OF THIN-FILM GROWTH 

We apply the method of molecular dynamics (MD) to the study of thin-film 

properties and growth. The study is limited to two dimensions, and the particles 

interact through a Lennard-Jones potential. In our growth study, the system consists 

of a substrate of krypton atoms, toward which argon atoms are periodically directed. 

We recorded the deposition by video taping a sequence of frames of the simulation 

cell on a computer screen. For presentation in this work, a sequence of the frames is 

plotted. 

We also apply the MD method to calculate properties of thin-film structures 

predicted by the hard-disk-aggregation growth model described in Chapter 3. We 

concentrated on the property of stress and performed simulations on several different 

structures. The film stresses of two such structures are calculated with a MD 

simulation; one structure is that predicted by the Henderson model, and the other is 

predicted by a Henderson-like model that includes surface adatom mobility. 

A brief introduction to the molecular dynamics method is given in Appendix 

A; we also include there comments pertinent to our particular MD implementation. 

Simulation of Thin-Film Deposition 

Several authors have applied the molecular-dynamics method to the study of 

thin-film growth (see the following section). Before describing these early models, it 

is important to distinguish between fully dynamical MD simulations and MD 
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simulations in which further approximations have been made. In a fully dynamical 

MD simulation, often referred to as a lull MD simulation, the basic method described 

in Appendix A is used; the classical equations of motion are solved iteratively for the 

system without further approximation. The only stochastic element in such a 

simulation is the random introduction of new (evaporant) atoms into the system at 

suitable intervals. 

Unfortunately, the use of the term "fully dynamic" is not completely consistent 

in the literature. For example, Leamy, Gilmer and Dirks (1980) refer to their 

simulation as fully dynamic; what they mean is that each individual evaporated atom 

is treated in a fully dynamic fashion, but once an atom is deposited it remains 

stationary. 

Various techniques have been applied to reduce the computational intensity of 

the MD calculation. The approximations in such simulations make possible 

computations of larger systems over longer time periods than fully dynamical 

simulations. Examples of this nonstandard type of molecular dynamics simulation are 

the simulations of Leamy, Gilmer, and Dirks (1980) and those of Gilmer and Grabow 

(1987). 

In previous full MD simulations, it has been assumed that the substrate and 

film particles were of the same type, that is, fully dynamical MD thin-film growth 

simulations to date have been limited to the case of auto-epitaxy. Here we simulate a 

system film of Lennard-Jones (L-J) particles (see Appendix A) in which the 

substrate and deposited film atoms have L-J parameters in the ratio of Kr to Ar. 

The lattice mismatch for this case is about 7%. Only one simulation of this type has 

been performed, because the computer run time on the machines available was very 

long. Before describing this simulation we briefly review previous work. 
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Previous Work 

Leamy. Gilmer. and Dirks 

Leamy. Gilmer. and Dirks (1980) applied a form of molecular dynamics to 

study the effect of evaporant kinetic energy on film structure. This simulation was 

not fully dynamical however; evaporant atoms interacted with atoms in the deposit 

through a mechanism referred to as the Langevin formalism. A truncated Lennard

Jones potential (see Appendix A) was used. The evaporant atoms were the only 

moving particles in the simulation. 

The authors deposited atoms serially and followed their motion until only 0.01% 

of their initial kinetic energy remained. In such a simulation. the energy is absorbed 

by the deposit/substrate. which is effectively at zero temperature since particles 

remain stationary once deposited. The authors performed 4 three-dimensional 

simulations. for evaporant energies of 0.2 E/k and 2.0 E/k. and angles of vapor 

incidence of 00 and 600 • The deposits were found to be amorphous. with a greater 

persistence of crystallinity in the higher-energy case. The authors warned. however. 

that the deposits were less relaxed than a full molecular-dynamic simulation would 

predict. Gilmer and Grabow (1987) also performed two-dimensional limited MD 

simulations of a similar type. 

Schneider. Rahman. and Schuller 

Schneider. Rahman. and Schuller (1985) performed the first fully dynamical 

MD thin-film growth simulation. Again the Lennard-Jones potential was used and 

truncated at r ... 2.50'. The simulation was implemented in three dimensions; the 

substrate was composed of two fcc close-packed layers of 224 atoms each. The 

bottom layer was stationary. and the velocities in the top substrate layer were 
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periodically reset to correspond to a temperature of either T = 0.0 or T - 0.4 f/k 

(Lennard-Jones temperature units). The melting point of a Lennard-Jones system is 

approximately T .. 0.7 f/k. 

Four simulations were performed; at the two different substrate temperatures 

and at two introduction rates -- every 15 time steps (2052 evaporant atoms added) 

and every 990 time steps (680 evaporant atoms added). The evaporant atoms were 

assigned velocities from a Gaussian distribution corresponding to a beam temperature 

of 0.9 f/k. 

In all four simulations, in contrast to the simulations of Leamy et. al., the atoms 

were found to lie at discrete lattice sites. In the low-temperature simulation, vacant 

lattice sites were incorporated into the structure, but the crystalline order persisted to 

the top of the IS-layer structure. 

Deposition Rate 

Many assumptions are implicit in molecular-dynamics modeling of thin-film 

growth. Perhaps one of the most objectionable is the extremely high film-growth 

rate implied; this results because the time step of the simulation should be small 

enough to permit simulation of the atomic vibrations. In the simulation of Schneider 

et al.. for example. their low introduction rate of one evaporant atom every 990 

molecular-dynamic time steps corresponds to a deposition rate of about 108 

monolayers per second for argon. The molecular-dynamic time step chosen is a 

fraction of the classical atomic vibration frequency; a commonly chosen value is At .. 

10-16 second. Thermally activated surface diffusion, in which particles receive 

enough energy from the substrate to move to another site, rarely occurs on this time 

scale. This effect is therefore neglected by full MD thin-film-growth simulations. 
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Maller 

A number of two-dimensional thin-film-growth simulations have been 

performed by MUller (1987e). These include studies of the effect of ion 

bombardment on epitaxy (1987a), the role of evaporant kinetic energy (1987b), stress 

calculations for sputtered films (1987c), and even the MD simulation of cluster-beam 

deposited films (1987d). 

MUller applied the average force method of molecular dynamics (MUller 

(1987a), Harrison et. al. (1969», and accelerated his code through various techniques 

to allow the simulation of relatively large systems. MUller used the "method of 

lights," described by Sullivan, Mountain, and O'Connell (1985), a neighbor list 

updating method that is more efficient than previous techniques, and is vectorizable. 

The Lennard-Jones potential is used for the interaction between particles except in 

the simulation of ion-assisted deposition (lAD). In this case, the interaction between 

the evaporant atoms and the lAD ions is taken to be a purely repulsive Moliere 

potential. 

Since surface mobility that results from substrate thermal energy cannot be 

considered in MD simulations, MUlier has confined his work to low substrate 

temperatures (effectively T = 0), and assumes evaporation of high-melting-point 

materials, for which the thermally activated surface mobility is expected to be low 

anyway. A detailed review of Maller's work is beyond our scope here; the reader is 

referred to MUller's papers and to the article by Thornton (1987), in which the 

relationship between structure-zone models and MUller's simulations is discussed. 
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Implementation 

The simulation scheme we use is based on the molecular-dynamics formalism 

described by Parrinello and Rahman (1981). This formalism allows MD simulations 

to be performed in a number of thermodynamic ensembles, including the isothermal

isobaric ensemble. A brief introduction to our implementation of a thin-film-growth 

version of such an algorithm is given in Appendix A. The thin-film-growth version 

of the model is nominally operated in the canonical (N, V, T) ensemble. The 

simulation cell dimensions are kept constant, and periodic boundary conditions are 

applied in the horizontal direction. The number of particles is changed only when a 

new evaporant atom is added to the simulation. 

The Interactions 

We compose our system of particles interacting through a Lennard-Jones 

potential. Though other more realistic potentials exist, they are generally of longer 

range or more complicated and increase the computing time vastly. The simulation 

performed in this work, in which 360 atoms were deposited on a substrate of 150 

atoms, required nearly one week of computer time (80386-based PC). The Lennard

Jones potential has the following form: 

(6.1) 

The L-J parameters of the film and substrate particles were taken to be in the 

ratio of those of argon to krypton. Though far from practical thin-film materials, 

these elements do interact primarily through van der Waals forces, and their· 
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Lennard-lones parameters are well known. The Lennard-lones parameters for the 

Ar-Ar interaction are chosen as the reference parameters, and the Ar mass for the 

reference mass. The parameters for the Kr-Ar interaction are estimated by the 

following formulas: 

UN + uKr 
O'N-Kr ... 2 

EN-Kr ... -VEAzEKr • 

(6.2) 

(6.3) 

The values of the L-l parameters for argon and krypton are listed in Table 6.1, and 

the relative values for the various interactions and masses using argon as the 

reference atom are given in Table 6.2. 

Table 6.1. Lennard-Jones parameters for argon and krypton. 

Ar 
Kr 

0' 

3.40 A 
3.65 

m 

1.67x10-21 loule (O.0104eV) 39.95 amu 
2.2SxI0-21 loule (0.0140eV) 83.80 amu 

Table 6.2. Lennard-Jones parameters and masses relative to argon. 

Ar-Ar 
Kr-Ar 
Kr-Kr 

0' 

1.000 
1.037 
1.074 

1.000 
1.161 
1.347 

m 

1.000 

2.098 
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The interactions are truncated at a distance of 2.7(1 (argon). This corresponds 

to a distance which is between the third and fourth nearest neighbors for both an 

argon hcp lattice and a krypton hcp lattice. 

Substrate 

The substrate is composed of two rows of fixed atoms followed by three rows 

of moving atoms. The velocities of the moving atoms are reset every other MD time 

step to correspond to the desired substrate temperature. Previous experience with the 

simulation has shown that the equilibrium separation of atoms is ao = 1.12(1 ; this 

value was chosen for the separation of the Kr atom substrate (so in reduced units, the 

separation of the Kr atoms is ao• = 1. 12x1.074). The three rows of moving atoms 

were maintained at a temperature of T .. 0.08 Elk (T ~ 100 K). It is important to 

realize that in a two-dimensional simulation, the motion of the particles is less 

constrained than it would be in a three-dimensional simulation at the same 

temperature. 

Introduction 0/ Evaporant Atoms 

The natural time unit in our MD implementation is 

t = (~)! I!!l 
o 2 ~ E ' 

(6.4) 

and we choose a time step size of At = O.Olto' With argon as the reference atom, this 

corresponds to At ~ 10-14 seconds. Evaporant atoms are introduced at a distance rj 

(the interaction range) above the highest particle in the film, and with a random 

horizontal position. Atoms are added into the simulation every 500 time steps, and 

are given velocities corresponding to a temperature of T = 1.0 Elk (T ~ 1200 K). 
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Results/Discussion 

A single simulation lasting 210,000 MD time steps was run, with the parameters 

described above. An summary of events during the simulation is given in Table 6.3. 

A sequence of plots of the positions of the particles is given in Figure 6.1. The 

course of the simulation was also recorded by video taping a sequence of computer 

screen plots at a frequency of every SO time steps. 

Table 6.3. Summary of events during the molecular-dynamic film growth 
simulation. 

Timestep 

0- 10000 
10001-190000 

190001-200000 
200001-210000 

Sur/ace Temperature 

Event 

Substrate allowed to settle 
Ar atoms introduced every SOO steps 
System allow to settle 
Properties calculated 

Toward the end of the deposition segment of the simulation, the temperature of 

the surface particles was found to be higher than that of the substrate by about a 

factor of two; we did not allow enough time between introduction of successive 

evaporant atoms. 

Radial Distribution Function 

Radial distribution functions (RDF) for the final simulated deposition are 

shown in Figures 6.2 and 6.3. Since the film density is hard to determine exactly, the 
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Figure 6.1. Sequence of configurations during molecular-dynamic film-growth 
simulation. The frames shown are separated by 20,000 MD time steps; 
frame (a) shows the configuration at 20,000 time steps and frame (j) 
shows the configuration at 200,000 time steps (continued next page). 



·It 

(8) 

.... n ... 
o 

o 

o 

.............................. 

(i) 

(Figure 6.1 continued) 

(h) 

...... ... 

(j) 

a:::: 1 
n 

131 

o 
1. o 

.A 



20.0 "T-"--------------------, 

..-,17.5 
~ ... 
~ 15.0 
Q) 

"d 
it 12.5 
Q 
~ 
-'0.0 

~ Z 7.5 

* ..-,5.0 
10. -bIl 

2.5 

Kr-Kr 
(Run 017) 

J\ /\. /'-. 
0.0 i.'!'~T.!"~~~1T''"!"!T''"!":!'!"'T':!'!n'~['1TT1r!f.n1rT'''T.!:T'''''Ti 

0.80 1.00 1.20 1.40 1.60 1.BO 2.00 2.20 2.40 2.60 2.80 
Distance (units of argon sigma) 

132 

Figure 6.2. Radial distribution function for Kr pairs. (Averaged over 10,000 
timesteps, after the film deposition.) 
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Figure 6.3. Radial distribution function for Ar pairs. (Averaged over 10,000 
timesteps, after the film deposition.) 
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usual division by the density is omitted in the RDFs. The large peaks in the Kr-pair 

RDF (Figure 6.2) result from the stationary substrate atoms. 

Figure 6.3 shows the RDF for the Ar pairs. that is. the film RDF. This 

crystalline-looking RDF is consistent with the final configuration shown in 

Figure 6.1 (j); the structure is primarily crystalline with a single defect near the 

substrate. Small gaps between Ar atoms in the horizontal direction are also present. 

and suggest an increase in the spread of the RDF peaks. This could be verified by 

running a MD simulation of a perfect hcp film at the same temperature; however. we 

did not run such a sample. 

Stress 

The stress of the final configuration was calculated (in the manner desribed in 

Appendix A) during the last 10.000 time steps. The stress was found to be tensile 

(negative in sign). as expected. and the value was about three times greater than for a 

system of 600 argon atoms in a perfect lattice. The stress value reported by the 

simulation program was -0.006081; a conversion is necessary since the film volume is 

not the same as the simulation volume (see appendix). The conversion factor in this 

case was 41.6. and the stress value was -0.253 fluS. 

Edge Dislocation 

Between time steps 160,000 and 170.000. a misfit dislocation appeared in the 

growing film. The dislocation formed at the top of the film and rapidly migrated 

through the film to the substrate-film interface. Figure 6.4 (a) is a superposition of 

Figures 6.1 (h) and 6.1 (0; the migration of the dislocation to the substrate-film 

interface is visible as a region of overlapping atoms in the figure. Figure 6.4 (b) is a 
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180000 Run 017: Ar fU .. an Kr substrate: Tsub - 1.0Sek: I Tevap - 11.0ok 
~!O 

o 

(a) 

200000 Run 017: Ar fU,. an Kr substrata: Tsub - 1.0Sak: I Tavap - 11.0ak 
510 

(b) 

Figure 6.4. Dlustration of the formation of an edge misfit dislocation. (a) 
superposition of Figures 6.1 (h), and 6.1 (i) to illustrate the formation of 
the dislocation; (b) Plot of final configuration of simulation; the misfit 
dislocation is circled. 
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plot of the final configuration in which the misfit dislocation is circled. 

Application of Molecular Dynamics to Hard Disk Model Structures 

Certain properties of the thin-film structures predicted by the hard-disk thin

film-growth model are not readily calculated. However, as mentioned earlier, the 

MD thin-film-growth simulation cannot predict the effects of mobility that result 

from thermally-activated surface diffusion, because of the very short time scale of 

the MD simulation. In this section, we insert the predicted structures of a hard-disk 

model into the MD simulation and 1) see if the structure is stable and find the 

temperature at which the structure changes, and 2) calculate the stress of the 

structure. 

Several hard-disk aggregation simulations were performed; one of the 

Henderson type (RUN 023) and the other in which surface adatoms had sufficient 

mobility for an average diffusion length of X = 3.4 argon-atom diameters (RUN 024). 

The configurations predicted by the hard-disk model are shown in Figures 6.5 (a) 

and 6.6 (a). 

The same MD model described earlier is used, except that new particles are no 

longer introduced into the simulation. The time step is At - 0.002to' and the 

simulations are run for 10,000 time steps. A program to convert between the hard

disk and MD data-file formats was written, and the particles were given velocities 

corresponding to the desired temperature. The structures were judged stable or not 

by visual inspection of before and after plots of particle positions. 

The substrate consists of two fixed rows of 40 atoms each; this ensures that a 

film atom lying on top of the substrate will have nearest, second-nearest, and third

nearest neighbors in the substrate. The substrate and film atoms are again chosen to 

---- -------
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Figure 6.S. Sequence of configurations during molecular-dynamic relaxation of 
Henderson-type hard disk simulation (Run 023). The frames shown 
are separated by 2,000 MD time steps, except for (e) and (f) which are 
separated by 4,000 time steps. 
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Figure 6.6. Sequence of configurations during molecular-dynamic relaxation of 
bard disk simulation with surface adatom mobility (Run 024). The 
frames shown are separated by 2,000 MD time steps, except for (e) and 
(f) which are separated by 4,000 time steps. 



138 

have relative L-J parameters corresponding to those of krypton and argon. A 

reference system (Run 022) consisting of 600 atoms in a two-dimensional fcc lattice 

on a substrate consisting of two rows of 40 fixed atoms in which the L-J parameters 

were the same was also run. This simulation was run to provide an estimate of the 

stress that results from the energy of the free surface (no contribution from the 

internal structure); the initial configuration is shown in Figure 6.7 (a). 

The structures were stable only at very low temperatures; they tended to settle 

toward the substrate and to form crystallites. The lowest-temperature simulations 

were run at T - 0.01 f/k (T ~ 1.20 K), and even these simulations displayed some 

restructuring. This restructuring can be seen in the plots of the structures in 

Figures 6.S (Run 023), and 6.6 (Run 024). In Figure 6.7 the reference system (Run 

022) is plotted; only the initial and final plots are shown, since the structure did not 

change (as expected). 

Stress 

The systems were allowed to settle for 2000 time steps, then the stress was 

calculated over the next 10,000 time steps. The average values were obtained, the 

volumes of the films estimated, and the stress values corrected. A summary of the 

results is listed in Table 6.4. 

Table 6.4. Stress in the three hard-disk simulations (tensile). 

Run MOLSF.OO Value 

022 -0.000698 
023 -0.039899 
024 -0.109306 

Correction Factor 

126.9 
2.1S6 
2.240 

Stress 

-0.0886 fluS 
-0.0860 fluS 
-0.2448 fluS 
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Initial (a) and final (b) configurations of hexagonally-close-packed 
argon atom reference simulation (Run 022). 
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Run 024 had significantly higher stress than the other two simulations; apparently the 

small voids in this structure are effective "store rooms" for stress. This is in accord 

with the findings of MOller (1987c). 

Radial Distribution Functions 

During the same interval, the RDFs were calculated; RDF plots for the three 

systems are given in Figures 6.8 through 6.10. The RDF of the reference simulation 

Run 022 (regular array of argon atoms) exhibits typical crystal peaks, characterized 

by their symmetry. The RDF of the MD relaxation of a Henderson-type hard-disk 

model, Run 023, exhibits peaks that are wider and slightly assymetrical. Though the 

structure has some voids, they are far apart and the "internal" structure of the 

crystallites is very crystalline. 

The RDF of Run 024 has peaks that are wider and noticably assymetric. This 

corresponds to a close-packed defect-filled structure, since the atoms are separated 

by sub-atomic spaces. Figure 6.11 shows an enlargement of the final configuration 

of Run 024, with markings to display examples of various defects (Run 024 was the 

MD relaxation of the hard disk simulation which included surface adatom mobility). 

Our simulation of film growth by molecular dynamics and the defect-filled 

structure of Run 024 had several similarities. Both simulations contained a single 

misfit dislocation (i.e., an edge dislocation located at the film-substrate interface), 

and both exhibited roughly the same level of tensile stress (about 0.2S ElaS). 
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Figure 6.8. Radi31 distribution function for hexagonally-close-packed argon 
atom reference simulation (Run 022). (Averaged over the last 
10,000 timesteps of the MD relaxation simulation.) 
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12000 Run 02.01: Surface Mabilitv X-3.4 dia.; T - .01 Ilk 
680 

a b c d 

Figure 6.11. Plot of final configuration of Run 024. The following defects are 
marked on the plot (a) the high angle grain boundary; (b) a vacancy; (c) 
the misfit edge dislocation; (d) another edge dislocation. 
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We have described two atomistic models for the simulation of thin-film 

growth: a simple hard-disk model and a molecular dynamics model. In this chapter, 

we summarize our results for each type of model and suggest directions for future 

research. 

The Hard-Disk Model: Effects of Surface Diffusion 

Various modifications of the Henderson model have been introduced that 

simulate the effect of greater surface-atom mobility (see Chapter 1). These 

simulations predict structures of greater density (relative to the Henderson model), 

but are apparently incapable of predicting the densely packed crystallites of the Zone 

2 structure. Our work suggests this results from the inevitable limitation in the 

accuracy in the computer storage of particle positions; our scheme effectively 

averages such errors and a reasonable two-dimensional representation of the Zone 2 

structure is obtained. 

The structures predicted by our model display a behavior analogous to the Zone 

1 to Zone 2 structural transition. In the limit of no surface diffusion (low substrate 

temperature), the model predicts a dendritic structure with large voids; this is the 

Henderson model. With sufficient surface diffusion (higher substrate temperature), a 

structure of closely packed columnar crystallites is predicted; the root-mean-square 

surface roughness decreases as the surface adatom mobility increases. The 
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dependence of the transition temperature on deposition rate is similar to that 

suggested by Maller (1985). 

The high-mobility (Zone 2) structure predicted by the model consists of two

dimensional hexagonally close-packed crystallites. The diameter of the columns 

increases with increasing surface adatom mobility. Within a given simulated film, 

these crystallites increase in diameter (and decrease in number) with increasing film 

thickness; inhomogeneity in the density of the structure results. 

As the angle of vapor incidence is changed from normal to oblique, a certain 

critical angle is reached at which the film density decreases and the surface roughness 

rises precipitously. Our model suggests both effects arise form large columnar voids 

that develop. The coordination number of the simulated films depends on surface 

adatom mobility but not on the angle of vapor incidence. This suggests that the 

structure of the material that comprises the columns between the voids is similar to 

the structure of depositions simulated at normal vapor incidence. 

The Molecular-Dynamics Model: Defect Formation and Stress 

A full molecular-dynamic simulation of thin-film growth was carried out in 

which the substrate and film-particle Lennard-Jones parameters differed from each 

another. The stress of the simulated film was calculated, and found to be tensile. 

Unfortunately, it was possible to run only one growth simulation, so comparison of 

stress values in films with various evaporation energies or lattice mismatches was not 

possible. 

Since the energy of the evaporant was on the order of the bond energy, in a 

sense the simulation we performed more nearly simulated the sputtering process 

rather than the thermal-evaporation process. This curiousity results from the nature 
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of the Lennard-Jones interaction: the ratio of the bond energy E (the potential well 

depth) to the melting temperature is much larger for the L-J interaction than for 

more commonly observed interactio~. To simulate thermal evaporation, MOiler 

(1987b) has used evaporant energies corresponding to 1/10 of the Lennard-Jones 

melting point. 

The stress of structures predicted by a hard-disk aggregation simulation was 

determined using the molecular-dynamic simulation; the only difference in the model 

was that new particles were not periodically introduced. The structures underwent 

some rearrangement under the Lennard-Jones interaction, even at temperatures as 

low as 0.01 Elk (T ~ 1.2°K). The Lennard-Jones interaction is very weak, and atoms 

in our simulation have even greater freedom because we restrict the simulation to two 

dimensions. The lowest temperature simulations remained fairly stable overall, with 

the major rearrangement events favoring formation of hexagonally close-packed 

crystallites. 

All of the molecular-dynamics simulations exhibited tensile stress. The dense 

hard-disk simulation (in which surface-diffusion effects were included) and the film 

growth simulated by molecular dynamics had the highest stress values. This stress 

was about three times that of a reference simulation of perfectly packed atoms (such 

a simulation exhibits stress that results solely from the free energy of the surface). 

Both of these simulations contained a single misfit dislocation. 

Sugsestions for Future Research 

A number of improvements would enhance both the hard-disk and molecular

dynamic models. The molecular-dynamics model could be improved by use of more 

realistic potentials. Unfortunately, this comes at a cost of increasing the computer 
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time required to perform the simulation; this is already objectionable. Discarding the 

serial-deposition assumption in the hard-disk model would obviate the assumptions 

regarding surface adatom mobility we make in Chapter 3; the connection of physical 

parameters to the hard-disk model could be made much more exact. 

Of the improvements that could be made to the models, and problems that may 

be studied with film-growth modeling, two stand out. We consider these presently. 

Dimensionality of Models 

Among the most objectionable assumptions made in the models presented here 

is the restriction of the simulations to two dimensions. The most notable'result of 

this assumption is that the simulations always take a structure of hexagonally close

packed crystallites. Henderson et a1. (1974) have shown that, for low-mobility hard

disk models, an amorphous structure results. Presumably an amorphous-to

crystalline transition could be observed with a three-dimensional model of the type 

described in Chapter 3. 

Another result of the two-dimensional assumption concerns connecting physical 

parameters to the models. Atoms in molecular-dynamic simulations are less 

constrained in two dimensiof:1s than in three; this leads to exaggerated motions and 

thereby changes in properties. 

Probably the single greatest improvement that can be made to either model is 

extension to three dimensions. For the hard-disk model, the computer code becomes 

somewhat more complicated, but the model is still simple enough that the growth of 

relatively large films may be simulated (Meakin and Jullien 1987). Extension of the 

molecular-dynamics simulations to three dimensions makes the simulation of films of 

realistic size all but impossible (MtUler, 1987e), at least for the present, because the 
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method is computer intensive. 

Quest lor the Zone 1 Structure 

A serious gap in our understanding of thin-film structure is the knowledge of 

the mechanism responsible for the Zone-l structure. The Henderson hard-disk 

model has similarities to this structure, but several things are missing: 1) Zone-l 

films are often observed to have a fractnl nature (columns have smaller columns 

within them, and so on) and 2) the columns observed in Zone-l structures are often 

as large as a micrometer in diameter. Movchan and Demchishin (1969) observed that 

the size of the largest columns increases with increasing substrate temperature, within 

Zone 1. The columns of the Henderson-type model are but a few atoms in diameter. 

What mechanism is responsible? Attraction of small columns for each other, 

and the resulting formation of a rope-like structure such as that described by Messier 

et al. (1984)? Or is it bulk relaxation effects? The success of various modeling 

techniques in clarifying mechanisms active in film growth suggest that one or another 

modeling method will playa role in unraveling the mystery of the Zone-l structure. 
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APPENDIX 

THE MOLECULAR-DYNAMICS MEmOD: OUR IMPLEMENTATION 

A natural way to consider (or at least predict) the dynamics of a system of 

particles is simply to determine (calculate) the motion of each particle in the system, 

that is, to determine the "phase trajectory" of the system. The first step in such an 

undertaking is the formulation of a classical description of the system, and the 

determination of the appropriate equation(s) of motion. Unfortunately, the equation 

of motion that results from any but the simplest systems of particles is complicated 

and generally not amenable to analytic solution. 

The molecular-dynamics method is a technique for solving such equations; it is 

an iterative numerical technique. The positions and velocities of particles at discreet 

time intervals are the output of a molecular-dynamics simulation. From these, 

thermodynamic properties of the system may be calculated. The molecular-dynamics 

method has been described in several books; we refer the reader to Heerman (1986) 

and Ciccotti, Frenkel, and McDonald (1987). 

A Few Points Specific to Our MD Implementation 

Our simulation is based on the formalism introduced by Parinello and Raman 

(1981), and the molecular-dynamics computer code derives from that described by 

Deymier, Taiwo, and Kalonji (1987). We have modified this code to permit the 

simulation of thin-film growth (an intermediate report on this effort was given by 

Cornett, 1988). The remainder of this appendix will describe the deviations that 
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were required to implement our MD thin-film-growth simulation. 

Interaction Potential and Masses 

Extension of the simulation to include more than one atom type was required. 

The defining simulation units are the mass of the reference atom mrer, the Lennard

Jones length parameter (lrer, and the Lennard-Jones energy parameter multiplied by 

4: 4Erer. Conversion from the simulation's reduced units to real-world units is 

accomplished through the relations (the quantities with asterisks are the reduced 

quantities): 

Length: L - O'rerL* 

Energy: E ... 4ErefE· . 

(A.I) 

(A.2) 

(A.3) 

To account for interactions between particles of different types, the relative 

masses and Lennard-Jones parameters must be considered. A reference particle and 

system-defining interaction is chosen, and the values of m·, L·, and E· are set to 

unity for this particle type and interaction type. The relative parameters are given by 

m (A.4) m 1---
re mref 

0' (A.S) (/ 1--
re O'ref 

E (A.6) Erel'" --. 
Eret 

Calculations involving mass in the computer code have had mrel inserted where 
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appropriate (e.g., calculation of temperature and the mvv tensor); similarly, (TNl and 

frel were utilized where appropriate. The formulas for the potential and a quantity 

related to it were modified as follows: 

~. - 'm [[~) .. - [~). ] (A.7) 

-:. ~ -:~;7 [ [:~ ) .. -H :~ t ] . (A.S) 

The inclusion of the relative terms complicates and slows the routine that 

calculates the value of the potential for a given pair of particles and their separation. 

The interaction type is determined by simply adding the types of the particles (type 1 

or type 2) together, and subtracting 1; to account for three or more particle types a 

more complicated scheme must be used. This simple scheme is shown in Table A.I. 

Table A.l. Definition of the Interaction Types. 

Interaction Between Particle Types Interaction Type 

1 and 1 1+1-1-1 

2 and 1 2+1-1=2 

2and2 
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The Simulation Cell and Periodic Boundary Conditions 

The substrate particles are located at the bottom of the simulation cell, and the 

height of the cell is sufficiently large to accommodate the atoms that will be added 

during the film-growth simulation. The simulation is intended to be performed with 

fixed particles at the bottom of the cell, so no particles can "leak" through the bottom 

of the cell. We apply periodic boundary conditions in the horizontal direction. 

Adding New Particles 

The method of adding particles has been simplified from that implemented by 

Cornett (1988). Particles are introduced at regular intervals (every 500 time steps in 

the simulation performed here). The horizontal position of the introduced particle is 

chosen randomly, and the vertical position is chosen to be a distance ri (the 

interaction range) above the highest particle in the film. For this work, the 

evaporant particles were all introduced with the same energy, and at normal 

incidence to the film. 

In the simulation we performed, all of the evaporated particles were 

incorporated into the film. For simulations in which more energetic evaporant atoms 

are introduced, a scheme to remove particles reflected or ejected from the growing 

deposit must be incorporated. 

. ... ------ ---
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The Stress Calculation 

Built into the simulation is a tool for calculating the stress. The internal stress 

matrix is given by 

n = .i{' m·v.v. - , '(1...)(M..)rrri'}' V L I I ILL rij 6r.. J J 
• • •• lJ 
1 1 J>l 

(A.9) 

where 

V = volume 

mi = mass of particle i 

Vi = velocity vector of particle i 

~ = ~(rij) = the potential between particles i and j 

fij = fi - rj = vector difference of positions of particles i and j 

rjj = I rij I = the distance between the particles i and j . 

The n matrix is calculated over the film particles only; this is accomplished by 

including only film type particles in the L mj Vj Vj term, and including elements of 

i 

the L L (r~. )(:r~. )rijrjj term only if at least one of the particles (i or j) is a 
• •• J lJ 
1 J>l 

film particle. The volume is taken as the volume of the film (actually an area in our 

two-dimensional simulation). The program calculates the n tensor with the volume 

of the entire simulation, so the values must be corrected by multiplying by the ratio 

of the simulation volume to the (estimated) film volume. The term of interest is the 

IIxx term; it gives the average film stress (in the plane of the film). 
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