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Fabrication of Si Nano-membrane

Reactive Ion Etching
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Coalescence of voids

Process of SON Formation

Closure of the hole inlets

• The SON structures are formed through two steps:

(1) Closure of the hole inlets, forming an array of closed voids.
(2) Coalescence of the closed voids.

Aspect ratio = 3.5

K. Sudoh et al., J. Appl. Phys. 105 (2009) 083536.
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Coalescence of Voids through Shape Relaxation

5 min 10 min 20 min 40 min

Volume preserving shape relaxation of individual voids. 
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Characteristic Sizes of SON

𝑇𝑠𝑡𝑒𝑝

𝑇𝑠𝑜𝑛

𝑇𝑝

d

d=0.8 um, s = 0.3 um, l = 3 um

p

𝑙

(𝑑, 𝑝, 𝑙)

(𝑇𝑠𝑡𝑒𝑝, 𝑇𝑠𝑜𝑛, 𝑇𝑝)



T. Sato et al., Jpn. J. Appl. Phys. 43, 12 (2004)

Dependence of the obtained SON structures on initial hole arrays



Si

Adatom Mullins Equation
𝑣𝑛

𝑣𝑛 = 𝐵∆𝑠𝐾

𝐾: mean curvature of the surface

𝑣𝑛: normal velocity of the surface

W. W. Mullins, J. Appl. Phys. 28, 333 (1957).

∆𝑠: surface Laplacian
Gibbs-Thomson Chemical Potential

𝜇 = 𝛾Ω𝐾

Surface diffusion driven morphological evolution
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F. A. Nichols and W. W. Mullins, J. Appl. Phys. 36, 1826 (1965).
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Evolution Equation for Surfaces of Revolution

K= m

Cylindrical Coordinates
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Simulation Result: Void Formation
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K. Sudoh et al., J. Appl. Phys., 114 (2013) 183512



Phase Field Model

Order Paramter: u 

u = us : solid phase(silicon)

u = ug :  vacuum (environment)

Free energy function: Y(u)

Double well form potential

-1.0 -0.5 0.0 0.5 1.0

0.4

0.5

0.6 0.9

0.8

0.7

0.6

0.5

 

 

Y
 

u

: absolute temperature

x

u

us

ug

solid vacuuminterface

Ginzburg-Landau free energy

Ψ 𝑢 =
1

2
𝜃 1 + 𝑢 ln 1 + 𝑢 + 1 − 𝑢 ln 1 − 𝑢 +

1

2
1 − 𝑢2

𝐸 𝑢 Ԧ𝑟 = න
𝛾

2
∇𝑢 2 +Ψ(𝑢) 𝑑 Ԧ𝑟

Ref: J.W. Cahn, C.M. Elliott, A. Novick-Cohen, Euro. J. Appl. Math. 7, pp. 287-301 (1996).



Cahn-Hilliard Equation with Degenerate Mobility

J−=




t

u

21)( uuM −=

Concentration dependent mobility

Ref: J.W. Cahn, C.M. Elliott, A. Novick-Cohen, Euro. J. Appl. Math. 7, pp. 287-301 (1996).

Chemical Potential

)(uuw Y+−= 

wuM −= )(J



Requirement for 𝜃, 𝛾

KV s−=
16

2

As 𝜖 → 0, interface motion is approximately given by 

𝛾 = 𝜖2

𝑡 → 𝜖2𝑡

Setting

Rescaling time

Mullins Equation:

We need to determine the values of  and  that approximately achieve 
the deep quench limit for numerical calculation.

𝜃 𝜖 = 𝑂 𝜖𝛼 , 𝛼 > 0Assuming
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Boundary condition

x and y: periodic

Setting of the Numerical Calculation

z:
𝑢 𝑥, 𝑦, 0 = 𝑢𝑠

𝑢 𝑥, 𝑦, 𝐿𝑧 = 𝑢𝑔

𝑗𝑧 𝑥, 𝑦, 0 = 0

𝑗𝑧 𝑥, 𝑦, 𝐿𝑧 = 0

0

p

Lz

p

Initial structure

Square array of cylindrical holes

Simulation cell: 𝑝 × 𝑝 × 𝐿𝑧
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Comparison of the phase-field simulations with the sharp interface simulation
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AR=7.9, p/D=1.75

Simulation result of SON formation

coalescence
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Dependence of the sizes of SON structures on the period of the initial hole array

T. Sato et al., Jpn. J. Appl. Phys. 43 (2004) 12.
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Prediction of the required annealing time for SON formation



Evolution of a hole array with a smaller period

AR=7.9, p/D=1.6



Summary

We have investigated the complicated structural evolution involving topological 
changes in the SON formation by phase-field simulations.

We have demonstrated that the experimentally observed SON formation processes are 
well reproduced by the phase-field simulation. 

The phase-field simulation can be used to predict the surface-diffusion-driven evolution 
of the periodic structures.

When periodic arrays of high-aspect-ratio holes on silicon substrates are annealed 
at high temperatures, SON structures are formed through surface-diffusion-driven 
structural evolution.


