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ABSTRACT

Computer models that accurately predict the dynamics of nanoscale self-organization are vital towards knowledge-
based nanomanufacturing. Here we present a first principles computational model of laser induced self-organization
of thin metallic films (thickness <= 30 nm ) into nanoscale patterns which eventually evolve into ordered
nanoparticles. The pattern formation is initiated by a thin film hydrodynamic instability and the ensuing length
scales are related to the intrinsic materials properties such as surface tension and van der Waal’s dispersion
forces. We discuss a fully implicit, finite-difference method with adaptive time step and mesh size control for
the solution of the nonlinear, fourth-order PDE governing the thin film dynamics. These simulations capture
the changing morphology of the film due to the competition between surface tension and van der Waals forces.
Simulation results are used to understand the nonlinear amplification of film height perturbations ~ (KT'/ 'y)l/ 2
where K, T and - represent the Boltzmann constant, absolute temperature, and surface tension respectively,
leading eventually to film rupture.
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1. INTRODUCTION

Mode-predictive nanomanufacturing will play a central role in the design and fabrication of the next generation of
devices for information processing, photonic, and electronic applications. First principles computational models
allow for rapid differentiation between different designs and process optimization. A promising avenue for the
fabrication of novel nanoscopic devices is self-organization of nanoparticles via dewetting of thermodynamically
unstable, metallic thin films. Thin-film systems with thicknesses<~ 100 nm deposited on a substrate, such as
Si0O2, are thermodynamically unstable due to the competition between long-range intermolecular interactions and
stabilizing surface tension forces.' Pulsed laser irradiation of such systems foster this instability giving rise to
nano-scale features with a characteristic length scale that may be tuned by varying the processing parameters.® >
While both linear and nonlinear analysis can predict the characteristic length scale for such systems,® the
nonlinear self-organization pathway is typically characterized by a “tipping point” at which the dynamics become
ultrafast. The inability of linearized models to capture such inherently nonlinear physics and the need to map out
the dynamics landscape of self-organization motivate fully nonlinear analysis of such systems. Here, we present
an efficient and accurate algorithm for solving the thin-film equation that governs the dewetting dynamics. Code
validation and results for isothermal dewetting dynamics are presented.
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2. ALGORITHM

For the system of interest, the characteristic length scale that emerges from spontaneous rupture of thin films
< 30 nm is much greater than molecular scales.? Therefore, continuum-level modeling may be used to describe
the dewetting dynamics. Thus, we have employed the thin-film hydrodynamic (TFH) equation used by Vrij?3
and Sharma and Ruckenstein” in this study:

oh A
3ug+v-(vh3vv2h+7vh)=0 (1)

where p represents the viscosity of the fluid, h = h(x,t) is the film’s height, 7 is the surface tension of the film,
and A* = % where A is the Hamaker coefficient representing the strength of the effective pressure gradient
arising from long-range intermolecular forces due to van der Waals interactions. For the case of liquid Co just at
the melting temperature, ;1 = 4.46 x 1073 Pa-s, v = 1.88 J-m~2, and the typical range of Hamaker coefficient for
metals is 1072° <A< 107!® J.4 For the purposes of the present study, we consider the case of height variation
with respect to space exclusively in the z-direction (i.e. system is treated as a 1D film). Thus, Eq. 1 reduces to

oh 0 0%h  A* Oh
T L T

ot ' ox )=0 @

Numerical discretization is based on the finite-difference technique outline in Ref.® Specifically, Eq. 2 is
discretized as follows
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with discretized diffusion and Hamaker terms expressed by

b, _ D2 .
T T ©
k+1 k
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A* 1 1
Gp=—| —+ — 7
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where At"™ and Az correspond to the current timestep and spacing between the nodes respectively. In Egs.
3 to 7, the super- and sub-scripts denote discretized time steps and the node location. The highest order term in
the equation has a pronounced influence on the nonlinear dynamics. Thus, care must be taken when discretizing
the diffusion coefficient (Eq. 6). This approach preserves positivety (hZJr1 > 0V n) so that negative values of film
thickness are not reported — especially problematic when h — 0.871° Periodic boundary conditions are imposed
on the spacial domain. Typically, the domain size R is chosen to be a few integer multiples of the wavelength
of the fastest growing mode expected from linear stability analysis (LSA). At the domain ends the boundary
conditions
Bt ) lamo= h(t,2) |o—r (8)
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and
Oh(t, x) o= Oh(t,x) | (9)
D

are imposed. The analogous discretized expressions are as follows (where N is the number of nodes in the
spatial domain)
1 1
Rl = Ryt (10)

and
hZH = h?vtll hr]i/t13 = hg“ h?vt14 = h?“ h?v“ = h?“ (11)

The system of nonlinear equations that arise from the numerical discretization was solved using the Newton-
Raphson method. Namely, the solution at t"*! is obtained iteratively by starting from a guess value hy, as

Rt = b + Shy, (12)

where dhy is the correction to the initial guess. The residual Ry at each node is written as
Ry, = =3u(hy, — hy) — A" (f + gz) (13)

where f;; and gj are given by Eqgs. 4 and 5 by replacing hZ“ with h}. Thus, to determine Jhj, one solves
the system of linear equations given by
Jk715hk = Rk (14)

with Jy 1 = %% being the Jacobian matrix. Note that for the problem discussed here, the Jacobian matrix
consists of N rows with at most 5 non-zero elements in each. The initial guess for the solution is taken to be
hi = hi. If at any value of k Eq. 13 exceeds a certain tolerance (here a tolerance of between 1071% — 1078 nm
is used), then h} + dhy, is taken as the new guess and the iteration is repeated until convergence is obtained.

To ensure that the algorithm converges in a reasonable number of iterations, an optimum value of the time
step is determine dynamically (as described in Ref.®). The relative error Ej of the numerical solution at any
point k is given by
2At" AR + AR — (AL + AR

E =
AT (Atn=1 + Atm)hy

(15)

If Ey is less than some tolerance for all values of k ( a tolerance value between of 10719 —10~® ns was chosen),
then the solution hZH obtained using time step At"™ is accepted. If not, then the time step is decreased (namely,
At — %At") and the spatial domain solution is resolved (i.e. Eq. 14 is solved until convergence is reached with
the new time step value). Once convergence with respect to both space and time is obtained, the next guess for
the time step is taken to be At™ = 2At"~! and the entire process is repeated.

3. CODE VALIDATION AND RESULTS

In order to validate the code, we first compare the growth rate predicted by the linear stability theory to the
initial rate of growth of sinusoidal perturbations since nonlinear effects are not apparent during early stages
of nonlinear simulation. First, one considers the linearized form of Eq. 1 by assuming infinitesimally small
perturbations h’ that are imposed on an initially flat film of initial thickness h, (i.e. let h — h,+ h') and keeping
only terms linear in /’. Thus, Eq. 1 becomes

on’' 3 PANG A* 1
Su—r + v (vhe vV VN + 5= v 1) = 0. (16)
Next, we substitute the normal mode form for 1-dimension, namely h’' = e exp(ikxz + ot) where o denotes the
growth /decay of perturbations with wavenumber k. This yields the dispersion relation:

*

A
3uo = —yh3k* + h—OkQ. (17)
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From Eq. 17 the fastest growing mode (kj,q) can be obtained by letting g—‘; = 0 and the corresponding
wavelength A = 27 /K4, is given by:

hi. (18)

Further, a characteristic time scale 74 = 27/0mq, may be defined by substituting k... back into Eq. 17.
Explicitly, 74 is given by
96m3yph{
U=
For comparison, the nonlinear code was initialized with a sinusoidal perturbation h(t,z)|;—o = vsin(2£xz) with
v = 0.01 nm. The domain size R was taken to be equal to 2A. Simulations were performed for L values of 2A,
1.5A, A, and 0.75A. The growth rates for the various simulations were determined by considering the normal
mode form of the height evolution at the node representing the maximum of the sinusoidal perturbation (i.e.
evolution at the node %4, at which h takes its max value is given by h(t, z)|z=s,,.. = h(0,2)|z=x,,,, exp(ot) +
h(0,z)|y=g,...). The value of In((h(t,z)|s=z, — N(0,2)|z=2,)/P(0,Z)|s=z,) versus t was plotted and o was
determined by taking the slope of this line. Fig. 1 presents a typical calculation of the growth rate. For the case
of a 10 nm thick Co film on SiOs using Hamaker coefficient value of A* = 107!8.J. A value of o = 9.988 x 10*
s~! was determined from the nonlinear simulation which is in good agreement to the LSA-predicted value of
o =9.938 x 10* s~!. Fig. 2 shows that the excellent agreement between the dispersion relationship predicted by
LSA and the growth rates obtained from nonlinear simulations.

(19)

In addition, the algorithm was found to be robust with respect to initial conditions and domain size. The result
of simulating the dewetting evolution of a 1 nm Co thin film on SiOs with an initial perturbation expressed as
vsin(§z), the period being equal to twice that of the characteristic wavelength, is presented in Fig.3. Simulations
were conducted for domain sizes given by R = 2A, 6A, and 12A. The result was independent of the domain size
used. In addition, Figs. 3(d-e) present the Fast-Fourier transforms (FFT) of the film height h(x,t) at ¢ = 0.00
ns and ¢ = 1.00 ns. Transfer of energy from the mode denoting 2A to smaller modes is evident with the largest
contribution going to the characteristic mode A. The growth of the A mode with other modes still persisting in
the dynamics gives rise to a distinct “twinning” feature at the peaks in the periodic solution (i.e. the splitting of
the height profile).

To further probe the effects of initial conditions on dewetting evolution, the nonlinear Co-SiOs thin film
model was initialized via random perturbations. An initial film thickness of 10 nm was perturbed via random

perturbations sampled from a uniform distribution (mean value zero; variance = %%) with a maximum /minimum

amplitude given by 4,/ % where K is the Boltzmann constant and T;,.;; = 1768 K corresponds to the Co

film’s melting temperature. The initial state of the film and subsequent evolution are shown in Fig. 4(a-c) .
From Fig. 4(d), note that interfacial dynamics proceed rather slowly until a critical "tipping” point at which the
intermolecular terms become dominant. Then, the ensuing dynamics become ultrafast. For the case of 10 nm of
Co with a Hamaker value of A* = 10718 J, this critical point is near 55.5 us leading up to film rupture at 62.5us.

4. CONCLUSIONS

In summary, we have developed and validated an algorithm to solve the highly nonlinear fourth-order PDE
governing thin film hydrodynamics. Excellent agreement between the predictions was found for the initial
growth rates of sinusoidal perturbations and those obtained from LSA. The algorithm is robust against various
initial conditions including sinusoidal perturbations of varying periods and random perturbations. In addition,
the periodic solution is not affected by the domain size. The algorithm can be readily extended to 2-dimensional
systems. Further, non-isothermal processing conditions can also be addressed by suitably modifying the code to
incorporate thermal transport. These extensions are currently under investigation.
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Figure 1. Typical calculation of growth rate o at the initial stage of the nonlinear simulation for the case of 10 nm of Co
on SiO using A* = 10 '®J. The initial perturbation was of the form h(x,t)i—o = vsin(%25z) and possessed a period
equal to the characteristic wavelength T = A. A value of o = 9.988 x 10* s™* was determined for the nonlinear simulation
compared to value of ¢ = 9.938 x 10* s™! predicted by linear stability analysis.
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Figure 2. Comparison of growth rates o at early stage of the nonlinear simulation with the LSA prediction for the case of
10 nm of Co on SiO2 using A™ = 10~ '8 J. Nonlinear simulations were performed on a domain size R = 2A. The nonlinear
model was initialized with sinusoidal perturbation on the form h(t,z)|t—o = vsin(%2£z) with v = 0.01 and simulations
performed for the cases T =2A, 1.5A, A, and 0.75A.
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Figure 3. Evolution of 1nm Co on SiO2 with a Hamaker constant of A* = 10718 g perturbed with a sinusoidal waveform
given by vsin({x) is presented in (a), (b), and (c) with respective domain size values of R =2A, 6A, and 12A. Dynamics
are independent of finite domain size as the same periodic solution is found in all cases. FFT of the R = 2A case is
provided at ¢t = 0O ns and ¢ = 1 ns in (d) and (e) respectively. From the FFT, energy transfer from the mode corresponding
to 2A to smaller wavelength modes is evident with the greatest enhancement given to the mode corresponding to A. This

transfer given rise to the “¢winning” at the peaks of the film profile as the A mode grows and other modes persist.
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(c) (d)
Figure 4. The evolution of a Co on SiO2 thin film with Hamaker coefficient of A* = 10718 J upon initialization via a
random perturbation is presented in (a-c). (a) shows the initial perturbation at ¢ = 0.00 ns with the maximum /minimum
amplitude possible corresponding to a value of + % sampled randomly from a uniform distribution. (b) displays

the change in the film morphology from 2.73 ns to 55.5 us as the fastest growing wavelength A emerges. (c) presents
the film morphology near rupture (55.5 ps ) and at the rupture time (62.5 ps). . (d) shows the minimum value of h
plotted versus time. At a critical "tipping” point between 55.5-62.5 us the effects of the intermolecular interactions become
dominant and the subsequent dynamics become ultrafast.
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