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Stable and uniform arrays of self-assembled nanocrystalline islands
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The stability of islands against coarsening during the self-assembly process of the Stranski-Krastanow
systems was explored by an energy analysis and by numerical simulation for the morphological evolution of
the islands dominated by surface diffusion. The results demonstrate that the Stranski-Krastanow systems can
develop islands stable against coarsening when subject to a large film-substrate interaction and a large mis-
match strain. The stable systems can be adopted to grow uniform and regular island arrays by adjusting the
length scale in the island formation process and by introducing a regular pattern of small amplitude on the film
surface.
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The self-assembly of small crystalline islands on the s
face of a heteroepitaxial film-substrate system is a rem
able phenomenon.1–9 The process is generally observe
when growing the heteroepitaxial film on the substrate un
the Stranski-Krastanow~SK! mode. The film morphology is
flat initially and then develops into islands on the top o
uniform layer, called the wetting layer, as the film thickne
exceeds a critical value. The island size can be tailored
varying the alloy composition of the film, and the order
magnitude of the size can easily reach the nanometer sca
cause the quantum confinement effect, leading to uni
electronic, magnetic, and optical properties.8 The islands also
have the advantage that they can remain coherent with
underlying film without the formation of defects in th
system.2 The capability of self-assembly, the unique mater
properties, and the excellent crystal quality make the na
crystal islands an appealing building block of future sem
conductor devices.

In order to realize the device applications, it is pivotal
control the island size uniformity since the size significan
affects the properties of each island due to the quantum
finement effect. This task, however, is challenging. The d
ficulty mainly comes from the instability of the island
against coarsening where the larger islands grow at the
pense of the smaller ones, leading to a wide island s
distribution.4,5,7,10–12Although the island-coarsening prob
lem has been well understood and recognized as a m
obstacle to the development of the self-assembly technol
how to suppress the coarsening process remains an
question.13–16

A possible stabilizing mechanism is the long-range int
action, also called the film-substrate interaction.17,18 The in-
teraction plays a significant role in the SK transition and
development of the wetting layer.17,19 The effects of the in-
teraction on the island stability against coarsening was
examined in Ref. 20, and it was shown that a strong inte
tion could result in a stable and uniform wavy surface. T
result was promising for growing stable and uniform isla
arrays. However, the analysis focused on extremely sha
wavy profiles.21 The more important issue of the stability o
facet islands, for example, the pyramids observed
experiments,1 has not been fully understood.
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We investigated this question by carrying out ener
analysis of the islands and simulation for the morphologi
evolution of the SK systems. The results demonstrate tha
island coarsening can be stabilized by a combination o
strong film-substrate interaction and a large mismatch st
in the film. The positive effect of mismatch strain on stab
ity, overlooked in the earlier analysis,20 is in contrast to the
common knowledge that the strain energy relaxation due
the mismatch strain favors coarsening.13 The stable SK sys-
tems are shown to have the potential to develop unifo
island arrays.

The island stability against coarsening was first examin
by considering the total energy of a two-dimensional fil
substrate system; see Fig. 1. The substrate and the film
elastically similar materials. The film consists of a flat we
ting layer and a periodic array of facet islands. The fi
structure is characterized by four independent parame
the facet anglef, the average film thicknessH, the normal-
ized wetting layer thicknessĥ5h/H, and the island area
coveragej5d/l whered is the island width andl is the
island spacing.

The total energy of the SK system is controlled by t
surface energy densityg of the film, the long-range film-
substrate interaction, and the mismatch straine0 between the
film and the substrate. The surface energy density is an
tropic: g5g2 on the facet,g5g1 on the flat wetting layer.
The two quantities are normalized by a reference densityg0,
and are denoted asĝ1 and ĝ2, respectively. The film-
substrate interaction, within the continuum framework, c
be modeled as a special type of film surface energy of wh
densityg varies with the distancez between the film surface
and the film-substrate interface.14,19 The density can be ex

FIG. 1. A schematic diagram of an array of facet islands o
wetting layer and a substrate.
©2004 The American Physical Society13-1
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pressed asg(z)5g0l p/(z1 l )p whereg0 and l are material
properties, and the exponentp depends on the interactio
mechanism.22,23 The mismatch straine0, on the other hand
results in the strain energy in the system; the character
strain energy density of the system is given byw05m(1
1n)2e0

2/(12n) where m is the shear modulus, andn is
Poisson’s ratio.

We calculated the variation of the total energyDetot ~per
unit length in the lateral direction! with the normalized wet-
ting layer thicknessĥ and the island areal coveragej for
given material properties and film thicknessH. The symbol
D denotes that the value is relative to that of the same sys
without islands (ĥ51). The contributions from the surfac
energy Des and the film-substrate interaction energyDeI
could be calculated exactly, while the strain energyDu was
estimated by the perturbation result:13 Du52w0H(1
2ĥ)fU(j) whereU(j), depicted in Fig. 2~d!, describes the
dependence ofDu on the areal coveragej. Du is negative
and its magnitude increases monotonically asĥ and j de-
crease, meaning the strain energy favors both the transfo
tion of wetting layer into islands and the coarsening of
islands.

Figures 2~a!–2~c! plot the contours ofDetot in three rep-
resentative cases, which differ in the characteristics of
location (jeq ,ĥeq) of the minimum in Detot . In ~a! ĥeq

51, in ~b! jeq50 and ĥeq,1, and in ~c! jeq.0 and ĥeq
,1. The first case corresponds to a flat film surface a
small H where the island formation is suppressed. The s

FIG. 2. The contours of the total energyDetot for the cases
where the equilibrium morphology is~a! a flat film, ~b! a coarsening
island array, and~c! a stable island array.~d! The variations ofU,
Du, Des , andDeI with j for the case in~b!. The results ofDetot ,
Du, Des , and DeI are normalized by 0.01g0. The parametersp,

ĝ2 , ĝ1, andf are fixed to be 1, 1, 1, and 11.3°, respectively. O

other hand,Aĝ0l /L50.03, 0.03, and 0.2, andH/L5.03, 0.15, and
0.5 in ~a!–~c!, respectively.
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ond case indicates the island formation is favorable, wh
the islands are unstable against coarsening. The third c
contrary to the second one, is an example of a stable f
island array. The condition of the stable SK systems can
derived to be24

S5FU~0!tanf

p

Ap ĝ0l

L G p/(p11)

2ĝ1G.0, ~1!

where L5g0 /w0 is the characteristic length in the later
direction,ĝ05g0 /g0, andG5211g2 /g1cosf.

Equation~1! indicates that the stability strengthS can be
increased by a strong film-substrate interaction and b
large mismatch strain. The effect of the mismatch strain oS
is a significant but surprising finding. It is known that th
strain energy caused by the mismatch strain favors the co
ening of islands. Why can a large mismatch strain stabi
island arrays?

The answer is revealed in Fig. 2~d!, which plots the varia-
tion of the strain energy, the surface energy, and the inte
tion energy with the island areal coveragej for a case of
coarsening islands. The result shows as the islands coa
and the island areal coveragej approaches zero, the effect o
the strain energy relaxation on the coarsening of the isla
diminishes. Whether or not the coarsening can be stabili
at j.0 is determined by the competition between the surf
energy and the interaction energy. In the SK system,
former favors the coarsening, and the strength isG. The lat-
ter, in contrast, causes the island array to cover the wh
wetting layer since an exposed wetting layer has higher
teraction energy than the island surface. The strength is
portional to the interaction densityg(h), which depends on
the wetting layer thickness or equivalently on the volume
the film that is transformed into the islands. The transform
tion is controlled by the mismatch strain. A higher mismat
strain results in more transformation, a thinner wetting lay
and accordingly higher interaction strength against isla
coarsening.

The effects of the mismatch strain and the film-substr
interaction on the stability of self-assembled islands aga
coarsening in the SK systems were further examined by
merical simulation for the morphological evolution of th
islands. Of particular interest was the evolution domina
by surface diffusion,20

] f ~x,y,t !

]t
5

VrsDs

nzkBTk
“

G
•~“Gx!, ~2!

where f (x,y,t) is the surface profile,V the atomic volume,
rs the adatom density,Ds the surface diffusivity,kB the Bolt-
zmann constant,Tk the temperature,“G the surface gradien
operator, andx the surface chemical potential. The surfa
chemical potentialx of the SK systems can be found to be20

x5m01VFw2~g1g!k1
]g

]z
nz1¹G

•

]g

]nG , ~3!

wherem0 is the chemical potential of the film without stres
w the strain energy density,g5g(n) the anisotropic surface
energy density, andk the curvature.
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Equation ~2! was solved by the simulation scheme d
scribed in Ref. 20. The scheme was modified by includ
the minimums of the surface energy densityg(n) in the di-
rections of$105%, $102%, and$113% in order to capture quali-
tatively the island morphology observed in experiments25

The minimums ing(n) were limited to shallow ones in th
simulation because the numerical method lacked the cap
ity to produce perfect facets. This prevented us from co
paring the simulation results with the stability condition
Eq. ~1! quantitatively. Nevertheless, the simulation resu
reveal, from the kinetic point of view, an insightful picture
the effects of the mismatch stain and the film-substrate in
action on the stability of islands during the self-assem
process. The agreement between the island shapes in
simulation and in the experimental results is also notable
shown in Figs. 3–5.

The initial surfacef (x,y,0) in our simulation was taken to
be an almost flat profile with some random roughness.20 The
film-substrate interaction is assumed to be dominated by
quantum confinement mechanism; in other words,p51. The
simulation results were normalized by the characteristic t
tL5kBTkL

4/rsDsV
2g0.

Figure 3 depicts the morphological evolution of the ca
whereL5103 Å, ĝ050.125,H/L50.05, andl 54 Å.26 The
evolution started with the island formation process dur
which the pyramid islands emerged and covered most of
film surface; see Fig. 3~a!. Followed by the formation pro-
cess was the coarsening of the islands, characterized b
growth of larger islands at the expense of smaller ones
by a gradual decease of island areal coverage; see Figs.~b!
and 3~c!.

FIG. 3. The surface profiles at~a! t/tL50.0695,~b! 0.551, and

~c! 2.07 during an island-coarsening process whereL5103 Å, ĝ0

50.125, andH/L50.05. The tone of the colors represents t
anglef between the normal vector of the surface and the vert
direction. The lightest one corresponds tof50°, and the darkest to
11°. The color scheme is also applied to Figs. 4 and 5.

FIG. 4. The morphological evolution of islands stable agai
coarsening.~a!, ~b! The surface profiles att/tL50.2 and 58.2 for the

case whereL5103 Å, ĝ051, andH/L50.11. ~c! The profile at

t/tL528.4 for the case whereL5125 Å, ĝ050.125, andH/L
50.085.
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The characteristics of the morphological evolution chan
drastically when the film-substrate interactionĝ0 is increased
and/or the lengthL is reduced. The effect of a higherĝ0 is
presented in Figs. 4~a,b! where ĝ051, H/L50.11, and the
other material parameters are identical to those in Fig
Instead of island coarsening, the film in this case underw
island formation and coalesce process, and more importa
the morphological evolution reached a steady state. The
sult confirms that a higherĝ0 enhances the stability of is
lands against coarsening. The effects of a smallerL on the
morphological evolution were found to be similar to those
higher ĝ0, characterized by island formation, island coale
cence, and a steady state stable against coarsening.
steady state of the case whereL5125 Å, ĝ050.125, and
H/L50.085 is depicted in Fig. 4~c! as an example.

The significance of the ratioĝl /L in the stability of is-
lands against coarsening, as indicated in Eq.~1!, was exam-
ined by simulating a series of cases where the ratioĝl /L was
the same as that employed in Fig. 4 whileL varied from 103

to 62.5 Å. All of the simulation reached steady states. Sim
lation was also carried out for the cases whereĝl /L was as
small as that adopted in Fig. 3, and the coarsening of isla
was found in all of the cases.

Figure 4 indicates that the stability against island coa
ening, though resulting in a steady state, does not lea
islands of uniform size. The variation of island size cam
from two causes. First, the initial surface was a ‘‘randoml
rough profile without any regular pattern, and second,
length scale in the island formation process differed fro
that in the steady state, as suggested in Figs. 4~a! and 4~b!.

The two causes were demonstrated in simulation
showing that solving only one of the issues would not yie
a uniform island array, but solving both would. For examp
the first issue could be eliminated by including a regu
pattern on the initial surface profile. The pattern, howev
disappeared either in the initial island formation process o
the later island coalescence process, irrespective of
length scale of the pattern. Similarly, the second issue co
be resolved in the simulation by using two steps with diffe
ent g(n) to handle the formation of islands and the stea
state.20 The approach enabled the length scale in the form
to match that in the latter, but it did not produce a unifor
island array.

l

t

FIG. 5. The surface profiles at~a! t/tL51.34, ~b! 1.46, and~c!
12.0 during the morphological evolution of the stable SK system

the two-step approach whereL562.5 Å, ĝ050.125, andH/L
50.08. The initial surface contains a hexagonal pattern and s
random roughness. The contrast of~a! is increased to enhance th
visual effect.
3-3
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We then examined the situation when the two-step
proach and a regular pattern on the initial surface were b
adopted. The simulation result for the case whereL

562.5 Å, ĝ050.125, andH/L50.08 is plotted in Fig. 5.
The result indicates that a simple pattern on a stable
system could motivate homogeneous formation of isla
and consequently a uniform island array stable against co
ening during the two-step approach even though a signific
amount of random roughness was present in the initial
face profile.

A question raised naturally by the results in this pape
how to increase the strength of the interaction in order
grow stable and uniform island arrays on the SK syste
One possible scheme of strong interaction is to enhance
quantum confinement mechanism.22 The mechanism can
cause the interaction strengthg0l to be as high as 6.5
310210 J/m for a good conductor like Ag.22 This value is
large enough to stabilize shallow islands withf511° and
lly
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g2 /g150.99 even when the mismatch strainem is only
0.2%, assumingE5100 GPa, n51/3, ĝ151, and g0
51J/m2. The quantum confinement mechanism is mu
weaker in semiconductor materials; however, the probl
may be overcome by doping the film heavily. For examp
g0l can be 5.7310212 J/m in the SiGe/Si systems when in
troducing one atomic percent of donors in the film. The
teraction strength can stabilize the pyramid island arrayL
is less than 250 Å, assumingg2 /g150.99 andĝ151, which
roughly corresponds to SiGe films with more than 50%
Ge in atomic concentration.
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