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We review some recent results on the morphology of heteroepitaxial overlayers deposited
on nanopatterned substrate surfaces. We mainly focus on modeling based on kinetic Monte
Carlo (KMC) simulations. On arrays of parallel grooves or arrays of pillars, we find three
main classes of states similar to those known for liquids: (i) Cassie–Baxter states, where
solid islands sit on top of the substrate structure; (ii) Wenzel states, where solid islands
are in contact with the bottom of the substrate; and (iii) solid imbibition (also denoted
as capillary filling for parallel grooves), where the solid forms a film in the substrate
surface structure. This multi-stability is controlled by the wettability parameter χ , and
shape transitions exhibit hysteresis. We discuss the dynamics of the collapse of a Cassie–
Baxter to Wenzel state, and the collapse of the Wenzel state to an imbibition film. We also
discuss the possibility to grow crystals in the CB state on nanopatterned substrates. During
growth, the crystals formed in CB state merge, leading to a continuous polycrystalline
overlayer where the size of the grains is controlled by the distance between pillars.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

r é s u m é

Nous résumons quelques résultats récents sur la morphologie de couches hététoépitaxiées
sur des substrats patternés. Nous nous focalisons sur la modélisation par simulations
Monte Carlo cinétique. Sur des réseaux de tranchées parallèles, nous trouvons trois états
principaux analogues à ceux connus pour les liquides : (i) les états de Cassie–Baxter, dans
lesques les îlots solides restent au sommet des structures du substrat ; (ii) les états de
Wenzel, dans lesquels les îlots sont en contact avec le fond des structures ; (iii) les états
d’imbibition, où le solide forme un film dans la structure de la surface du substrat. Cette
multistabilité est controlée par le paramètre de mouillabilité χ , et les transitions de forme
présentent de l’hystérésis. Nous discutons la dynamique de collapse de l’état de Cassie–
Baxter vers l’état de Wenzel, et de ce dernier vers l’état d’imbibition. Pendant la croissance,
les cristaux formés dans l’état de Cassie–Baxter se rejoignent pour former une surcouche
continue, dont la taille des grains est contrôlée par la distance entre les piliers.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Heteroepitaxy is a useful technique to grow a crystalline film that cannot solidify spontaneously, such as gallium nitride
(GaN) crystals on (0001) sapphire substrates. One merit of using a single crystal substrate is the possible control of the
crystal orientation due to the lattice structure, but there are some demerits because adsorbate molecules differ from sub-
strate molecules. This has two main consequences: (i) the adsorbate–adsorbate and adsorbate–substrate interaction energies
are different, and (ii) there is usually a mismatch between the adsorbate and the substrate lattice parameters. Because of
these effects, the adsorbate layer may dewet on the substrate, or cracks may appear. For example, the lattice mismatch in
heteroepitaxial growth of a GaN layer on sapphire substrate is as large as ∼ 13.8%, and the epilayer contains many cracks
when GaN is deposited directly on sapphire [1].

However, using the deposition of a low-temperature buffer layer before growing the thick GaN epilayer, single crystal
films with optically flat surfaces free from cracks were grown [1]. Since buffer layers are grown at low temperatures,
crystallites in the buffer layer are found to exhibit a columnar structure [2]. During subsequent deposition of GaN at a high
temperature a GaN nuclei is nucleated on top of each column of a fine buffer crystalline pillar. After geometrical selection
only grains that grow the fastest are expected to survive [2]. Since the area of direct contact between sapphire substrate
and the buffer crystallite is small, misfit strain is easily relaxed at side edges of buffer crystallites. Thus, further deposition
of the GaN layer is less affected by strain.

Another example of heteroepitaxy on patterned substrates is GaN deposition on Si nanopillar arrays [3]. The deposited
adsorbate is found to stay mainly on top of the pillars with voids underneath between substrate pillars. Thus, the adsorbate
does not wet the substrate. In this dewetting overlayer the dislocation density is observed to be reduced as compared to
the case without substrate patterning. Similar dewetting phenomenon is observed in the liquid film on a flat or patterned
substrate [4]. In both liquid and solid cases adsorbate films may be in Cassie–Baxter (CB) states with voids underneath
the adsorbate [5,4], in Wenzel (W) states where the gap between pillars is filled by adsorbate [6,4], and in imbibition
states where the adsorbate forms a film within the substrate structure. On the other hand, there are important differences
between liquid and solid wetting: mass transport is controlled by hydrodynamics for liquids, whereas it is controlled by
surface diffusion for solids; surface tension is isotropic for liquids while it is anisotropic for crystalline solids; in addition,
misfit strain is present in solids but not in liquids. In the past five years, we have been studying wetting or dewetting statics
and dynamics for solid adsorbates on nanopatterned substrates by means of kinetic Monte Carlo (KMC) simulations [7–11].
In the following, we review some results of these works.

First, the KMC model is introduced in Section 2. Then, the steady-states of an island on parallel nanogrooves are discussed
in Section 3. We find three possible states: CB, W and capillary filling (CF). In Section 4, we discuss the statics and the
dynamics of shape transitions of islands on nanopillars. Finally in Section 5, the growth dynamics of crystalline layers on
nanopillars are simulated in order to study the possibility to achieve a CB state. The whole study is summarized and future
directions are discussed in Section 6.

2. Lattice-gas model

Solid-on-solid (SOS) models [12,13] are often used for the analysis of wetting/dewetting phenomena of heteroepitaxial
adsorbate films on a flat substrate [14–17]. However, since they do not allow void formation underneath solid adsorbate
layers, SOS models are inappropriate here. Then, the simplest extension of the SOS model is a 3D lattice-gas model, where
space is divided into lattice sites, and each site is occupied by an adsorbate atom A or by a substrate atom S or it can be
empty.

Substrate atoms are assumed to exhibit strong mutual interaction so that the substrate remains frozen. Adatoms are
assumed to move on the surface of the adsorbate or of the substrate. For an adatom on the surface to move, it has to break
chemical bonds formed with neighboring atoms. The interaction strength of the nearest neighbor (NN) pair of adatoms is
J1

1 and the one of the next nearest neighbor (NNN) pair is J2. Their ratio

ζ = J2

J1
(1)

determines the equilibrium crystal shape (ECS). Without NNN interactions, i.e. when ζ = 0, the ECS at T = 0 is a cube en-
closed only by (100) facets. With a finite ζ , the (110) and (111) facets appear in the ECS, as shown in Fig. 1(a). The extension
of each facet is determined by the surface free energy at a finite temperature T . At low temperatures, the roughness of the
facets is very small. Therefore, the surface free energies per unit area can be approximated by the surface energy per unit
area of a perfectly flat facet. These expressions can be obtained using a bond counting method. For example, a (100) facet
atom exhibits one nearest neighbor and 4 next nearest neighbor broken bonds leading to an energy cost (1/2)( J1 + 4 J2)

per facet atom. Since the area occupied by one atom is a2, one finds ε100 = ( J1 + 4 J2)/(2a2). Using a similar calculation for
the (110) and (111) facets one finds

1 We here use generically the letter J for interaction energies in our lattice-gas models, which corresponds to an exchange interaction of Ising spins with
Sz = ±1/2 [13]. Note that there is a factor of 4 difference in J when choosing Sz = ±1.
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Fig. 1. Equilibrium crystal shape with NN and NNN interactions [18]. (a) Isolated and (b) on substrate.

ε1 jk = J1

2a2
(1 + j + k)1/2[1 + (4 − j − k)ζ

]
(2)

where j, k are equal to 0 or 1. Here a is the lattice parameter of a simple cubic crystal. The (100) facet exhibits an octagonal
shape, the (111) has a hexagonal shape, and the (110) has a rectangular shape, as shown in Fig. 1(a).

Adatoms also interact with NN and NNN substrate atoms with interaction strengths Js1 and Js2, respectively. Their ratio
is simply set to the same value as between adatom pairs Js2/ Js1 = ζ in order to reduce the number of free parameters.
On the other hand, the ratio of an adatom interaction with a substrate atom Js1 to that with an adatom J1 defines a new
parameter,

χ = Js1

J1
(3)

hereafter denoted as the wettability, which controls the wetting of an adsorbate island on the substrate. On a flat substrate
an adsorbate layer completely wets the substrate when χ � 1, whereas for χ � 0 it completely dewets the flat substrate.
For an intermediate value, 0 < χ < 1, an adsorbate island partially wets the substrate, as shown in Fig. 1(b).

The surface energy per unit area for (001) orientation is given by Eq. (2): εAV(001) = ( J1 + 4 J2)/2a2. Assuming that
we break the substrate–adsorbate interface into two free surfaces, we obtain the relation εSA(001) = εSV(001) + εAV(001) −
( Js1 + 4 Js2)/a2, where εSV(001) is the substrate surface energy per unit area. As a consequence:

χ = 1

2

(
1 + εSV − εSA

εAV

)
(4)

For a liquid droplet on a solid surface, surface and interface free energies per area are isotropic, and the contact angle θ

satisfies the Young relation:

γSV − γSA = γAV cos θ (5)

By replacing surface free energies per area γ of liquid by solid surface energies per area ε at the zero temperature, the
wetting parameter χ of Eq. (4) is related to the liquid contact angle θ as:

χ = 1

2
(1 + cos θ) (6)

This relation allows one to link the energy balance described by the parameter χ , and the local geometry in the vicinity of
the triple line described by the contact angle θ . It is possible to extend the definition of the contact angle to the case of
anisotropic surfaces as long as the surface is not faceted. In the presence of a faceted adsorbate surface at the triple line,
the contact angle is fixed by the facet orientation. In this case, the contact angle does not vary when varying χ over a finite
range. Therefore, under these circumstances there is no one-to-one correspondence between θ and χ . The reason behind
this is that θ describes the local shape of the island close to the triple line, while facets are extended (non-local) features
on the equilibrium shape. In order to describe the macroscopic shape of the island globally rather than the vicinity of the
triple line, we here define the order parameter for wetting as the ratio of the area NAV of the adsorbate surface to that NSA
of the adsorbate–substrate interface:

ψ = NAV

NSA
(7)

For an isotropic island, the ECS is a spherical cap with a contact angle θ = cos−1(2χ − 1), and the order parameter is
ψ = 1/χ . For an adsorbate island with rectangular parallelepipedic shape with a square cross section of width L and height
h, the volume is V = L2h. By minimizing surface energy, the width is determined as L = V 1/3/(1 − χ)1/3 with a height
h = (1 − χ)L, and the order parameter is ψ = 5 − 4χ .

In order to study the statics and dynamics of an adsorbate island on patterned substrates, kinetic Monte Carlo (KMC)
simulations were performed. Therein, adatoms diffuse along the adsorbate island surface or on the substrate surface. For an
adatom surrounded by ni neighboring atoms where i represents the type of bonds, i = 1,2, s1 and s2, the rate of its jump
to one of the NN sites at a temperature T is written as ν = ν0 exp[−∑

i ni J i/kBT ], where ν0 is an attempt frequency.
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Fig. 2. From [7]. KMC simulations and analytical model, with kB T / J1 = 0.5, ζ = 0.2, λ = 20a, and N = 104. Vertical dotted lines separate different ground
states (indicated close to the axis). Left panel: two-loop hysteresis diagram of the wetting parameter ψ . Solid line: model with (100) facets only. Dotted
lines: model with all facets. Open symbols indicate non-equilibrated runs. The two points above the W state are obtained with a different initial condition.
The green branches correspond to states that exist only due to finite-size effects. In the limit of large islands v → 0 (i.e. N � (λ/a)3), finite-size effects
disappear and the green branches vanish. The right panel shows typical configurations for the three states in KMC simulations. The island is in red, and the
substrate is in light-blue. Color available online.

3. Statics on parallel nanogrooves

The simplest pattern on a substrate surface is a one-dimensional array of nanogrooves. We studied the shape variations
of the adsorbate island on a substrate with nanogrooves as a function of the wettability parameter χ [7]. The system
exhibits multi-stability, and several states are observed, as shown in Fig. 2. When the wetting parameter χ is small, an
adsorbed island stays on top of the grooves. This is the Cassie–Baxter (CB) state. Upon increasing χ , an island extends its
bottom in the groove gap, and the bottom touches the base of the groove, leading to the Wenzel (W) state. For a large value
of the wetting parameter χ , an island fills the capillary between grooves, and we call it the capillary filling (CF) state. (Note
that the CF state enters into the more general class of solid imbibition discussed below in more details for substrates with
pillar arrays.)

We now describe the system in more details. In an array of parallel grooves with a periodicity λ, each groove is set to
have a square cross section with the same depth and width λ/2. On this nanopatterned substrate, an adsorbate island in a
rectangular parallelepiped shape with a width λ, a height h and a length 
 is provided initially, and the shape relaxation
is simulated by the KMC method. During the surface diffusion of adatoms, the total number of adatoms is kept fixed as
N = λh
/a3. The wetting order parameter ψ of islands in steady-state varies as a function of the wettability parameter χ ,
as shown in Fig. 2 for ζ = 0.2. Insets indicate corresponding island shapes.

For small χ , the island stays on top of the grooves and the CB state is stable. The value of the order parameter depicted
by circles in Fig. 2 agrees with the theoretical expectation evaluated by energy minimization at ζ = 0:

ψCB = 7 − 2χ (8)

At χ = 0.5, the bottom of the island starts to extend in the groove, and the island collapses to the W state. Decreasing the
wettability χ , the island remains in the W state for a while, and it returns to the CB state only at a very small value of χ
around χ ≈ 0.2: the island shape shows hysteresis. The order parameter ψ depicted by triangles agrees with the theoretical
estimation for the W state:

ψW = 2 − 2χ (9)

Increasing the wettability χ , the W state collapses to a CF state at χ ≈ 0.6. Up to χ = 0.9, the island fills the groove
capillary with an island top being at the same level as the top of the groove. The order parameter depicted by squares
agrees well with the theoretically estimated constant value for the CF state,

ψCF = 1

3
+ 1

12v
(10)

where v = Na3/λ3 is the relative volume. For large wettability χ > 0.9, the island flattens by lowering its top height less
than the groove top. At χ = 1, the adsorbate completely wets the substrate such that the adsorbate monolayer covers the
substrate. Decreasing χ , the adsorbate island in the CF state starts to increase its height to the W state around χ = 0.3.

Even with the simplification that ζ = 0, leading to islands with (100) facets only, the theoretical estimates given in
Eqs. (8), (9) and (10) fit well with simulation results, as drawn in Fig. 2, since the NNN interaction is set as small as ζ = 0.2.
With this calculation, the minimum energy configuration is determined. The CB state is the state with the lowest energy for
χ � χCB|W, the W state for χCB|W � χ � χW|CF, and the CF state for χ � χW|CF, where:
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Fig. 3. (a) From [8]. Phase diagram of an adsorbate island on an array of pillars in the phase space of an island volume V = vl3p and wettability χ . Circles
represent the points where the island stays on top of pillars (CB state), whereas crosses indicate that the islands collapse down to the W state. (b) KMC
simulation of the collapse to a Wenzel state, starting from an initial condition where the island is in an unstable Cassie–Baxter state. (c) From [11]. KMC
simulation of collapse on high pillars. The irreversible impalement is followed by a vertical diffusion along the pillars, which ends when the island touches
the bottom of the substrate. Color available online.

χCB|W = 1

3
and χW|CF = 2

3
− 5 + 4

√
6v + 1

72v
(11)

However, multiple states coexist for a given χ , and metastable states can coexist with the most stable state. Metastable
states cannot relax to the equilibrium state due to the presence of an energy barrier much larger than the thermal energy
kBT . The upper and the lower limits of metastability are evaluated from the disappearance of the energy barriers. The
threshold values of the wettability χA→B for the transitions from state A to state B are theoretically estimated as [7]:

χCB→W = 1/2

χW→CB = 1/3 − (1 + √
1 + 30v)/36v

χW→CF = 2/3 − (1 + √
1 + 6v)/36v

χCF↓ = 1 − 1/8v

χCF↑ = 1/3 − 1/24v (12)

where we have defined the transitions χCF↓ and χCF↑ at which the CF state height becomes lower or higher than the groove
height, leading to the branches in green in Fig. 2. Note that these branches exist only due to finite-size effects, and disappear
as v → ∞ [7]. The predictions of Eq. (12) are in good agreement with simulation results, as shown in Fig. 2.

4. Statics and dynamics on nanopillars

4.1. Statics of CB stability

As discussed above, an island on substrate grooves takes various states as a function of wettability parameter. However,
there is up to now no corresponding experiment to our knowledge. Instead, there are experiments of adsorbate crystals
on a substrate with nanopillars [3]. Therefore, we now study an island on an array of nanopillars [8]. Pillars have a square
cross section of area 
2

p and a height hp. They are arranged in a square pattern with a periodicity 
x . The initial shape of an
adsorbate island is a cube on the top of n × n pillars. The stable state of an island depends on the island volume V and the
wettability parameter χ . For a large island or with a small wettability χ , the island stays on top of pillars in the CB state.
In contrast, for a small island or with a large wettability χ , the island collapses down to the W state. A part of the phase
diagram is shown in Fig. 3.

A closer look indicates three possible configurations in the CB state on n × n pillars. When the island is small, the outer
edge of the island stays inside pillar tops, which we call the inner state. As the volume increases, the outer edges of an
island reach the pillar edges, and are pinned. Thus, the island width stops increasing and only the island height increases.
This state is called the pinned state. Only after the island shape becomes a cube with the volume [(n − 1)
x + 
p]3, the
island width starts to increase. The edges of an island extend beyond pillar tops, and this state of a cubic island is called an
outer state.

As the wettability χ increases, the CB state is shown to collapse to the W state. In the range of parameter under
consideration, close to the transition boundary, the state with the lowest energy is always the W state. The CB state is
either metastable or unstable. For example, during the transition from the inner state of the CB configuration to the W
state, the island bottom starts to extend down to wet pillar walls, as depicted in Fig. 4(a). The energy variation from the
CB state �E is calculated at various island volumes v = V /
3

p as a function of the extension h∗ of the island bottom. For a
large island with v = 750, there is a finite energy barrier, but for a small island with v = 720 the energy barrier disappears,
indicating the instability of the CB state, as shown in Fig. 4(b). The theoretically obtained stability limit at T = 0 is drawn
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Fig. 4. From [8]. Energy barrier for the collapse from the CB to the W states. (a) Side view of the collapsing process from the inner CB state. (b) Excess
energy �E as a function of the down elongation h∗ of the island bottom. A large island with a volume v = 750 has a finite energy barrier, whereas a small
island with v = 720 loses the barrier for χ = 0.395. Color available online.

by straight lines in the phase diagram, Fig. 3(a). Because of these three different shapes for the CB state (inner, pinned
and outer), the theoretical stability limit consists of three segments. It agrees fairly well with simulation results at a finite
temperature.

4.2. Dynamics: instability of the CB state

The dynamics of the collapse of an island from an unstable CB state is shown in Fig. 3. Once again, the expression of
various quantities can be obtained in the limit ζ → 0, and are found to be in good agreement with KMC simulations at
ζ = 0.2. We start with an island of height h0 and lateral extent 
 = (n − 1)
x + 
p in the pinned state. The total time of
irreversible collapse to the Wenzel state reads [11]:

TW = hp
(1 − φ2)

16Ω Dad�C

[
hp

(
1

1 − φ
− 1 + φ2

)
+ 2h0

]
(13)

where hp is the pillar height, φ = n
p/
, Dad is the adatom diffusion constant, and �C = Ceq(exp[μ∗/kBT ] − exp[μ/kBT ]),
with Ceq the equilibrium adatom concentration on the island surface. In addition, the chemical potentials at the top and
bottom facets are defined as μ = 4γAVΩ/
, and μ∗ = μ[1 − φ + (n − 1)(1 − 2χ)φ]/(1 − φ2), where Ω is the atomic area.
We expect that formulas similar to Eq. (13) apply to the inner and outer states.

When the pillars are high enough, the island does not reach the bottom of the pillars during irreversible impalement.
The island is impaled up to the configuration where the pillar tops reach the island top. The time of irreversible impalement
from the pinned state is then [11]:

Tc = h2
0


16Ω Dad�C

(
1 + 1

(1 − φ)2(1 + φ)

)
(14)

Then, since there is still a gap under the island, the island starts to diffuse along the pillars. The island diffusion process
stops when the island reaches the bottom of the substrate after a time [11]:

Td = (hp − hi)
2

2D i
(15)

where D i is the island diffusion constant, and hi = h0/(1 − φ2) where hi is the height of an island (along z) when it
is completely impaled. When χ is small enough, the island diffusion is limited by adatom surface diffusion and D i ∼
1/N where N is the number of atoms in the island. However, the situation is more complex for large χ . Indeed, KMC
simulations indicate that D i oscillates with N , suggesting that the equilibrium shape itself may oscillate with N , as found in
the experiments of Ref. [19]. In the minimum of the oscillations, the island diffusion constant is limited by two-dimensional
nucleation of top and bottom facets [11]. Note that when χ is large, the diffusion process is more complex due to the
interaction of the island with the top of the pillars [11].

4.3. Dynamics of solid imbibition

When χ is large, the W state is unstable and the solid adsorbate penetrates the gap between pillars. Imbibition is
characterized by the formation of a film which has the same height as the pillars. This can be seen as the opposite of
the Cassie–Baxter state, which is characterized by the formation of a void film under the island. This phenomenon shares
similarity with the imbibition of liquids in micropatterns [20], and we call it solid imbibition. We consider pillars of height
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Fig. 5. From [10]. Solid imbibition. (a) Transition from the W state via the island-and-film (IF) state to the film (F) state. (b) Imbibition with narrow channels,
and (c) with wide channels. Color available online.

hp and a square cross section of width 
p are arranged periodically both in the x and y directions with the periodicity 
x .
Imbibition is found to occur for χ larger than:

χimb = 1 − 2h
p


2
x + 4h
p − 
2

p
(16)

For χimb < χ < 1, an adsorbate island initially prepared in a W state spreads in the substrate structure. During the imbibi-
tion dynamics, an island stays on top of the imbibition film, as shown in Fig. 5(a). We name this state the island-and-film
(IF) state. Eventually, the top island disappears and only the film remains, which we call the film (F) state, as schematically
represented by Fig. 5(a).

Depending on the gap width 
x −
p between pillars, two modes of island spreading are observed. When the gap between
pillars is narrow, the adsorbate spread smoothly to form a circular imbibition film, as shown in Fig. 5(b). The spreading area
increases roughly linearly in time, or the wetting front moves in proportion to square-root of time. The driving force for
imbibition in this case is the chemical potential difference between the island and the film edges, and adatoms diffuse from
the top of the film to the film edge. A quantitative description of the imbibition dynamics can be achieved assuming that
the limiting process is adatom diffusion [10].

When the gap between pillars is wide, on the other hand, the wetting front is square in shape reflecting the pillar
arrangement as shown in Fig. 5(c). The imbibition front is pinned by pillars. The front motion is now governed by nucleation
events as in Fig. 5(c). Indeed, thermal fluctuations induce excursions of the front. Once these excursions reach the next
row of pillars, they grow irreversibly laterally, and the whole front moves from one row of pillars to the next. The energy
barrier for the nucleation estimated theoretically agrees qualitatively with the simulation results obtained from the statistical
analysis of the incubation time of nucleation in KMC simulations [10].

5. Deposition growth on patterned substrate

So far we mainly discussed steady-states and the shape transition dynamics of islands on a patterned substrate. We now
wish to discuss the formation of adsorbate islands on nanopatterned substrates during growth by deposition. More precisely,
we wish to understand the conditions under which islands can be formed in the CB state during growth, despite the fact
that the W state has a lower energy, or even when the CB state is unstable.

When deposition is so slow that a small island has sufficient time to relax, the adsorbate layer ends up in the W state
since it has a lower energy. In fact, when water drops are grown on a nanopatterned superhydrophobic substrate, a few
large drops grow in the Wenzel state [21] or a mixed state with Wenzel and filled channel [22]. However, in experiments
of heteroepitaxial crystal growth of GaN on Si nanopillars [3], deposited adsorbate stays mainly on top of nanopillars, and
empty space is allowed beneath the adsorbate solid.

In order to analyze the possibility of growth in the Cassie–Baxter state, we discuss models which have little or no island
relaxation dynamics, and which are appropriate when the growth rate is fast enough (or the temperature low enough), so
that the processes discussed in the previous sections (collapse, imbibition, etc.) can be neglected.

A typical model of crystal growth under deposition which allows vacancies and overhangs is the ballistic deposition (BD)
model [23]. In the BD model, adatoms are deposited normally onto the flat substrate, and when they touch another adatom
or a substrate atom, they freeze immediately on the spot. In the BD model, the grown adsorbate forms an irregular solid
aggregate, as shown in Fig. 6(a), and the growth front is known to be self-affine. For a BD model on a one-dimensional
substrate of a lateral size L, the growth front is defined by the highest height h(i) of a column i for 1 � i � L. The average
front height is defined by h = L−1 ∑L

i=1 h(i), and the front width by W = (L−1 ∑L
i=1[h(i) − h]2)1/2. The self-affine feature

of the growth front is specified by scaling relations such that W increases in proportion to hβ for low h, and W saturates
to the value proportional to Lα for high enough h. Here, α is the roughness exponent and β is the growth exponent. The
scaling relation takes the form
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Fig. 6. From [9]. Domain structure in BD aggregate. (a) Domain competition, and (b) domain population density ρ versus height h in a double-logarithmic
plot. (c) Domains on a substrate with an array of nanopillars. System sizes are (a) L × H = 2002, and (c) 400 × 200.

W = Lα f
(
h/Lz) (17)

where z = α/β is the dynamical exponent, and f (x) is a scaling function which is constant for x � 1 and is proportional to
xβ for small x.

We are interested in domain properties within the BD model [9]. When the first adatom deposited touches on a flat
substrate, it freezes to initiate a first domain of an adsorbate crystal. The second adatom may be deposited far from the first
one and initiates another crystal domain. Alternatively, it may touch to the first deposited adatom and be incorporated into
the first domain. Subsequently deposited adatoms initiate new domains, or are incorporated into an already existing one.
The domain of the landing atom is assigned to the domain of the atom below if there is one. Otherwise, it is ascribed to
one of the domains in lateral contact with an equal probability.

Many domains extend sideways by capturing adatoms deposited from above, and the neighboring crystal domains com-
pete, as shown in Fig. 6(a). When a domain is completely enveloped from above by neighboring domains, it is cut from the
supply of adatoms and stops growing. Through the competition, the domain density decreases as the aggregate grows as a
power law

ρ ∼ h−γ (18)

as shown in Fig. 6(b). Since the growth front of a BD aggregate has a self-affine property, theory expects that the decrement
of the population density of domains ρ as a function of the height h is determined with the dynamical exponent z for the
self-affine growth front such that γ = 1/z. The (1 + 1)-dimensional BD model is known to belong to the universality class
of the Kardar–Parisi–Zhang (KPZ) model [24], where the values of exponents are exactly known to be α = 1/2, β = 1/3 and
z = 3/2. The population density ρ obtained by KMC simulations is found to agree with the theoretical expectation γ = 1/z,
as shown in Fig. 6(b).

When the substrate is patterned with an array of nanopillars, those domains growing on pillar tops have an advantage
in capturing deposited adatoms over the domains growing between pillars. When pillars are high or dense, the domains
growing on pillar tops envelop those growing between pillars, and the latter are blocked from growing, as shown in Fig. 6(c).
Hence, the pillar spacing controls the grain size.

Since a domain growing on top of pillars has only little contact with the substrate at the nucleation center, it should be
less affected by the misfit strain between the adsorbate and the substrate. However, the grown BD aggregate contains a lot of
vacancies, and its growth front is very rough. These characteristics are far from the actual configuration of adsorbate crystals
on patterned substrates [3]. Experiments are performed at a finite temperature, and adatoms can diffuse along the surface of
the adsorbate crystal. Lateral diffusion makes adsorbate crystals compact and a growth front smooth. To incorporate surface
diffusion in a simple way, we allow those adatoms loosely bonded with only an underlying atom to diffuse laterally at the
same height (intralayer diffusion). When diffusing adatoms touch other adatoms laterally, they are in low energy states such
that they cannot further migrate thermally. Furthermore, in order to make a growth front flat, adatoms at island edges are
allowed to hop down one level (interlayer transport). With these intralayer and interlayer diffusion processes, adsorbate
crystals become dense, and domain boundaries are almost vertical, as shown in Fig. 7(a). Though the growth front is almost
flat, fluctuation still remain and the domain competition leads to the domain coarsening when starting from a flat substrate.
As a function of the height h of deposited material, the domain density is found to decrease as ρ ∼ h−1.

During deposition on the patterned substrate with nanopillars, domains grown on pillar tops spread sideways quite
rapidly, and suppress growth of domains between pillars. Adsorbed crystals have very flat growth fronts and domain bound-
aries are also straight, as shown in Fig. 7(b). These results are in qualitative agreement with observations made in the
experiment [3]. Adatom diffusion makes domains growing on pillar tops stable, and the maximum periodicity of pillars for
which stability is observed is larger for the case with adatom diffusion than for the case without it.
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Fig. 7. From [9]. Domain structure of BD model with diffusion. (a) On a flat substrate, and (b) on a nanopillar substrate. System sizes are (a) L × H = 4002,
and (b) 400 × 150.

Fig. 8. Domain selection of adsorbate crystals on pillars with random height distribution. Crystals on high pillars survive and compete with neighbors.
Further domain coarsening is slow. System size is L × H = 500 × 200.

6. Summary and discussion

The morphology of a heteroepitaxial overlayer on a nanopatterned substrate surface is studied by kinetic Monte Carlo
(KMC) simulations.

We find that islands generically exhibit 3 types of states on nanopatterned substrates: the CB state, the W state, and
the imbibition (or CF) state. Hysteresis loops are found between these states. This is similar to the case of liquids. However,
since mass transport is controlled by surface diffusion, the dynamics of transition from one state to the other is different
from the case of liquids. In addition, crystalline anisotropy can play an important role, especially in the presence of facets.

One important difference between nanogroove and nanopillar arrays is that we expect the collapse transitions to be
reversible for nanogrooves, while they should be irreversible for nanopillars, due to the pinning of the triple line. This has
been experimentally checked in the case of liquids [25].

In KMC simulations of growth by deposition on a nanopatterned substrate, the CB state is found to be possible, within
models with no or reduced island relaxation. Hence it was shown that growth in the CB state can be achieved by shadowing
effects in the presence of significant lateral growth of the islands on the pillars. The result may provide hints for GaN
heteroepitaxial growth on a low-temperature buffer layer. Crystallite pillars in the buffer layer are densely packed, and their
height is not well aligned. When adsorbate molecules are deposited onto the buffer layer at high temperatures, adatoms
can diffuse on a surface of growing adsorbate crystals and they grow laterally. In this case, differences in pillar height
are crucial for the survival of a crystal domain. On a high pillar the crystal domain has an advantage as compared to the
neighboring domains on lower pillars, as shown in Fig. 8. Thus, large domains with high crystalline quality are achieved in
heteroepitaxial growth on a buffer layer [1].

Since experimental systems are three-dimensional with two-dimensional substrate surface, KMC simulations should be
extended to three dimensions. Tentative results of KMC simulations on domain coarsening for the BD on a flat substrate
show the scaling behavior Eq. (18) with γ ≈ 2β/α [26].

In our deposition model we found adsorbate crystal domain only on a single pillar, because each pillar is assumed
to define a crystal domain. This assumption is valid in the case where grains from different pillars are all uncorrelated.
However, if some grains can merge when they meet, larger crystal domains over multiple pillars are possible. In order to
study this point, one has to use off-lattice models with elastic strain taken into account.

Finally, one important remaining issue is to understand the role of the misfit strain on the wetting properties and growth
modes on nano-structured substrates. We hope to report along these lines in the near future.
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