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issue [223]. Ways out are either to simplify the model or to use additional input
from calculations to ascribe reasonable values to the barriers. The first attempt
has been made by disregarding the difference between A and B steps with a
view to extracting an effective Ee value and its attempt frequency for diffusion
between twofold-coordinated sites along straight steps [28]. The result (Ee = 370
meV and ν0 = 1 × 1013 Hz) is more realistic than the values obtained from the
former analysis [206]. Ab initio calculations have become feasible for relatively
large system sizes [135, 219, 224–226], thus allowing the calculation of the various
energy barriers for adatom displacement along cluster edges and thereby providing
valuable input to a more detailed understanding of how the islands in Figure 20.16
form. Random fractal islands with wide branches will certainly be of ongoing
interest until we can answer the open question of how they evolve from dendrites
and how their branch width is linked to the edge diffusion barrier.

20.5.2
Compact Adatom and Vacancy Islands

With increasing deposition temperature the islands on hexagonal substrates
become compact triangles. Figure 20.17 shows the evolution of island shapes
with deposition temperature for the case of Pt(111) homoepitaxy [29]. The den-
drites formed at 200 and 300 K become triangles with straight B steps at 400 K. They
have the same orientation as the weakly triangular envelope of the dendrites, where
the branches grow preferentially perpendicular to A steps. The islands remain
triangles and maintain their orientation all the way up to 600 K, until at 700 K a
quasi-hexagon forms, not shown [29]. Note that the triangles at 500 and 600 K are
less perfect. They show a concavity in the middle of the otherwise relatively straight
B steps. This has been explained by the fact that these are remains of the fjords in
the branched low-T island shape [29]. Another effect is certainly that the island tips
capture more atoms than the straight steps, due to the Mullins–Sekerka instability
discussed earlier, and as they get larger at higher temperature, it might be more dif-
ficult to transport these atoms from the tip regions to the center of the step. Further

a) b) c) d) e)

500 Å

Figure 20.17    Deposition-temperature-dependent island morphology for Pt(111) homoexpitaxy 
(Q = 0.15 ML, F = 7 ¥ 10–3 ML s–1, pCO ≤ 5 ¥ 10–12 mbar). Tdep = (a) 200, (b) 300, (c) 400, (d) 500, 
and (e) 600 K.(Kindly provided by T. Michely.)
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examples for systems with triangular adatom islands with preferred orientation are
Co/Ru(0001) [220, 227, 228], Co/Pt(111) [229], and Fe/Au(111) [230, 231].

We note that the shape sequence for Pt/Pt(111) changes significantly if there
are very small amounts of CO in the residual gas pressure during deposition [200,
232]. At 400 K and pCO = 1 × 10−9 mbar, the triangles are bound by A steps, that
is, they are turned by 60 ◦. At higher deposition temperature, the effect of CO is
less prominent because it desorbs. Note that also the island densities are sensitive,
even to much lower CO partial pressures [232].

The mechanism responsible for the triangular island shapes is as follows. In the
kinetic regime, the cluster shape is determined by the growth rate perpendicular
to A and B steps, that is, by the rate with which adatoms accumulate at both steps.
The slowly growing facets prevail in the final crystal shape, whereas the faster ones
disappear during growth, as generally the case in crystal growth. The necessary
condition for compact islands is that atoms can diffuse along steps. For different
growth rates of differently oriented steps, atoms must be able to diffuse from one
step around a corner to the next step with a different orientation. The rate-limiting
step for this so-called corner crossing implies an atom going from a laterally twofold
to a onefold coordination. This process can have slightly different energy barriers
starting from A versus B steps, thus creating a net diffusion current around the
corner. In general, the barriers for corner crossing are quite close to those for edge
diffusion [219, 224] such that this process is turned on as soon as edge diffusion
is turned on. However, a small difference between the two suffices to change the
entire island shape. In the case of Pt(111) homoepitaxy, the atoms leaving B steps
and crossing over to A steps must be faster than the other way around. Thus atoms
accumulate at A steps that grow out of the way and B steps remain [88, 233]. The
example of Pt(111) homoepitaxy shows that the island shape is a sensitive indicator
for small energy differences; it is therefore a very accurate benchmark for ab initio
calculations.

At thermodynamic equilibrium, the adatom supply to the different steps is not
decisive any more. Atoms can leave steps back into the 2D adatom gas on the
terraces and condense again at a different location. They repeat this process until
the total energy of the island is minimized. Under these conditions, the shape
is given by the free energies γ of A and B steps. These energies are reflected
in the lengths of these facets according to the Wulff construction [234] (for 3D
equilibrium shapes see Chapter 8, Volume 2). In monolayer-deep vacancy islands,
the equilibrium shape can be reached more easily than in adatom islands, as
the atoms evaporating from steps are confined to the vacancy and therefore they
can be exchanged between the steps while keeping the vacancy area constant.
Figure 20.18a shows an STM image of a vacancy island on Al(111) created by low-
temperature sputtering of about half a monolayer and subsequent annealing [29].
The B steps are significantly longer and also straighter than the A steps.

Figure 20.18b shows as full line the vacancy island shape averaged over 10
STM images taken consecutively of the same vacancy island. This line is straight
when approaching the polar angles of the three B steps, while it is smoothly
curved in the angular regions of the three A steps. The inverted Wulff construction
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Figure 20.18    (a) STM image of monolayer-deep vacancy island on Al(111) (sputtering with 
1 keV Ne+ ions at 200 K, annealing for 300 s to 425 K, TSTM = 300 K). (b) The solid circle 
represents the mean island shape of island (a) obtained by averaging over 10 STM images of 
it; the dashed circle represents the polar plot of the step free energy d(F). (c) Step positions 
in subsequent STM images (of maximum island radius	��+���	>%	��	#���	��+"	�&	��	����+�	
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leads to the polar plot of the step free energy δ(�) shown as dashed line. It
gives δB/δA = 0.951 ± 0.005 [29] in good agreement with DFT predictions [102]. A
similar analysis has been performed for Pb(111)-terminated crystallites grown on
Cu(111) [235, 236]. For further examples of Ag, Cu, Pt, and Ir(111) see Ref. [29].

Further information is obtained when comparing the step positions between the
10 subsequent STM images. Figure 20.18c shows them on a strongly amplified
scale, where the outer ring represents the largest observed island radius and the
center 85% of it. All steps fluctuate at 300 K. This a good sign, as it testifies that the
steps are nowhere pinned by adsorbates and that we are indeed close to equilibrium
because the shape is not given by kinetic limitations but by the result of steady-step
atom exchange between opposite step orientations. It is clearly seen that A steps
fluctuate more strongly. A fluctuation of the radial step position implies creation of
kinks or of adatoms attached to an otherwise straight step. On an A step, a kink is a
short section of a B step, and an adatom creates two such sections, while kinks and
adatoms on B steps involve short sections of A steps. This immediately shows that
step fluctuations of the microfacet with the lower step energy cost more energy, as
they involve short sections of the costly step orientation [29]. Therefore, the observed
stronger fluctuations of A steps are expected, as they involve short sections of the
energetically favored step orientation. Note also that similar arguments give rise to
a different temperature dependence of the two step free energies.

20.6
Coarsening of Monolayer Islands

We have seen that it is easier to reach thermodynamic equilibrium shapes for
vacancy than for adatom islands because the former preserve their volume during
evaporation of step atoms into the 2D adatom gas on the terrace. We also discussed
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that small clusters are mobile and that this mobility modifies the nucleation island
densities. Both phenomena, the 2D evaporation from steps and the diffusion of
entire clusters, give rise to island coarsening and will be discussed in this section.
In addition to the fundamental interest in understanding the scaling exponents and
the underlying atomic processes, coarsening opens ways to modify nanostructures
on surfaces in a desired way.

20.6.1
The Ostwald Ripening

The Ostwald ripening [237] is the coarsening of an ensemble of different-sized
3D clusters embedded into a host (solid, liquid, gas). This process is driven by
minimization of the overall cluster interface with the surrounding phase that has
the surface or interface free energy γ. In an atomic picture, the clusters evaporate
atoms from their surface and these atoms diffuse into the surrounding medium
and condense either back to the same or to another cluster. As small clusters have
a significantly higher fraction of surface atoms, statistical fluctuations of their size
will have larger amplitude and the probability that they dissolve is higher than that
for larger clusters. In a thermodynamic picture, the Ostwald ripening is driven by
the local curvature κ of the interface. The Gibbs–Thomson equation relates κ to a
change in the atoms’ chemical potential �μ

�μ = γκ (20.9)

This implies mass flow from small clusters that have high local curvature to large
ones leading to ripening. In addition, changes in local curvature of initially rough
interfaces between two nonmiscible phases get smoother on annealing, or with
time.

Through the availability of surface microscopy at the atomic level, this phe-
nomenon has received considerable attention in two dimensions [198, 238]. The
continuum theory of the Ostwald ripening [239, 240] has been applied to sur-
faces [241, 242], where it leads to the following expression for the temporal
evolution of the area A of an island with radius r

A(t, T) = −β(ρ(r) − ρeq(r)) (20.10)

where ρ(r) is the adatom density next to the island perimeter. The equilibrium
adatom density required to maintain this island at steady size is derived from
the Gibbs–Thomson relation for circular islands with isotropic step free energy
to ρeq(r) = ρ∞ exp (γ/kBTnr). The difference between this and the real density
at the perimeter is the driving force of ripening. The rate β is composed of
step evaporation, terrace diffusion, and step condensation barriers, as well as the
corresponding preexponential factors. In many metal-on-metal systems, there is
no barrier for incorporation of atoms into ascending steps. Equation 20.10 then
reads

A(t, T) = − 2πDρ∞
n ln

(
R
r

) (
e

γ

kBTnr − 1
)

(20.11)
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Figure 20.19    Temporal evolution of the radius of monolayer-high Ag islands on Ag(111) 
derived from sequential STM imaging (T = 300 K). (Adapted from Ref. [243].)

Note that here we label D a diffusion constant that also includes the barrier for
evaporation from the step onto the terrace, n is the density of substrate unit cells,
ρ∞ is the equilibrium adatom concentration on the terrace, and R is the radius
from the island center where ρ takes on ρ∞. For r � γ/kBTn, it suffices to keep
the leading terms in the exponential series. Neglecting the size dependence in
the prefactor of Equation 20.11, one readily derives r(t) ∝ −tx with x = 1/3. STM
inspection of the island decay at 300 K for Ag/Ag(111) has enabled to follow r(t), see
Figure 20.19 for one island [243]. The double-logarithmic plot in the inset shows the
scaling behavior. Averaging over 20 islands led to an exponent of x = 0.27 ± 0.05.
This somewhat smaller value is attributed to the islands being small compared with
the limit where a simple power law is justified. With an upper bound of γ = 0.2 eV
atom–1 for the line tension, one obtains unity in the exponent of Equation 20.11
for r = 3 nm. Therefore, within the error bar, the Ostwald ripening for Ag/Ag(111)
follows the exponent derived without step attachment barriers. One calls this case
diffusion limited, where diffusion includes step detachment.

Attachment barriers can be introduced using a step incorporation coefficient κ (1
for attachment without barrier and 0 for infinite barrier). This leads to the following
expression for r � γ/kBTn [244]

A(t, T) = −2πDρ∞γ

n2kBT

1

ln
(

R
r

) + a
κr

(
1

rc
− 1

r

)
(20.12)

with rc being the radius where the island size stays constant under the given
parameters. For κ = 1, a/κr is small compared with ln (R/r), and one finds
Equation 20.11 in its large r limit. The Ostwald ripening for Si(100) surfaces
showed attachment barriers [238] related to the fact that attachment to a Si(100)
step requires concerted motion of two neighboring Si dimers [245]. In the limit
r � rc, Equation 20.12 predicts a scaling exponent of x = 1/2 for r(t), respectively,
a linear decrease in A(t).

The area of small Cu islands on Cu(100) has indeed been observed to linearly
decay with time, and this is independent of their environment [244]. Figure 20.20a
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Figure 20.20    (a) and (b) STM images showing ripening of an assembly of about 60 Cu adatom 
islands on Cu(100). A period of 5h33 min has passed between (a) and (b) images, with the 
substrate held at 343 K [244]. The time and temperature dependent decay of Ag adatom (c) and 
vacancy islands (d) placed into vacancy islands on Ag(111) permits determination of the 
activation barrier of atom detachment from steps and of the additional barrier for descending a 
step, (c) T = 300 K and (d) T = 360 K [112].

shows 60 different-sized adatom islands on a large terrace, a situation where
ripening is essentially local, that is, the local coverage remains conserved and is
redistributed between the islands. The size evolution of all islands, apart from one
having undergone coalescence with another one, could perfectly be described by
Equation 20.12, whereas κ = 0 led to disagreement. The astonishing fact that a sim-
ple metal system exhibits significant attachment barriers was attributed to ripening
being dominated by vacancy and not by adatom motion [244]. Vacancy attachment
has an additional barrier compared with vacancy diffusion because it requires the
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concerted motion of two atoms. Vacancy motion has been confirmed for this system
by tracing the displacement of substitutional In atoms on Cu(100) [246, 247].

The experiments for Ag/Ag(111) have been repeated for adatom and vacancy
islands placed within a big vacancy island (Figure 20.20c,d) [112]. This eliminates
less well defined parameters, such as the distance where ρ has its asymptotic limit
ρ∞ and thereby it gives access to more system parameters such as the step free
energy, the energy barrier for step detachment, and the interlayer diffusion barrier.

The decay of an adatom island of radius r within a vacancy island of radius R is
given by

A(t, T) = −β
eγ/kBTnr − e−γ/kBTnR

a
r + ln

(
R
r

) + a
R

(20.13)

The authors first deduced γ = 0.75 ± 0.15 eV nm–1, equivalent to 0.21 ± 0.04 eV
atom–1, from fitting decay rates of three adatom and four vacancy islands.
The island area A(t, T) showed the Arrhenius behavior from 240 to 310 K for
β = 2πDρ∞/n, highlighting the role of D in this term. With β ∝ ν0e−EE/kBT , the
authors found the energy barrier and attempt frequency for atom detachment
from steps onto terraces Ed = 0.71 ± 0.03 eV and ν0,d = 1012±0.6 Hz. For the
geometry shown in Figure 20.20d, the filling and hence the decay of the small
vacancy island is hindered by the interlayer diffusion barrier. This barrier is
determined as �Es = 0.13 ± 0.04 eV, consistent with former measurements
reporting �Es = 0.120 ± 0.015 eV [108].

Coarsening by the Ostwald ripening is a means of preparing compact islands
with narrow size distributions. The average size can be adjusted from 〈s〉 = 3
–103 atoms by varying the annealing temperature [198]. This helps prepare large
ensembles of nanostructures with well-defined size giving access to the evolution
of chemical and physical properties with size [248, 249].

The starting point for the controlled increase in mean cluster size by ripening is
a large density of small clusters, mostly dimers, which are prepared by deposition
of 0.1 ML at a temperature chosen such that there is little mobility in the time of
deposition (D/F < 103). In this postnucleation regime, monomers diffuse toward
each other after deposition leading to a mean cluster size of 〈s〉 ∼ 3 atoms [88, 126].
The same result is obtained when depositing at temperatures where diffusion is
frozen and subsequently gently annealing the surface to activate diffusion. After
preparation of the small clusters, their densities are monitored by STM as a function
of annealing temperature. This yields the average size because the coverage � is a
known constant.

The Ag islands on Pt(111) shown in Figure 20.21a contain on average 14 atoms
and are compact spherical. In Figure 20.21b, they contain 200 atoms and adopt a
quasi-hexagonal shape. The largest ones clearly show the different lengths of the
A and B steps. This shape becomes even more evident upon annealing to 280 K
(〈s〉 = 800 atoms, not shown) and can be considered as the equilibrium shape of a
2D cluster for that system because further annealing leads to island decay, which is
believed to be promoted by compressive stress resulting from the lattice mismatch
between Ag and Pt [251, 252].
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Figure 20.21    (a) and (b) STM images of Ostwald ripening for Ag/Pt(111) creating compact 
2D islands with their mean size ·sÒ controlled by the annealing temperature (Q = 0.10 ML, 
Tdep = 50 K, (a) Tann = 140 K, (b) Tann = 230 K) [198]. (c) ·sÒ stays constant until Tann = 100 K, 
from where on it exhibits an exponential increase. (d) Island size distributions for Ostwald 
ripening (solid line, guide to the eye) [250] and nucletion (dashed line, theoretical i = 1 scaling 
curve) [141].

Figure 20.21c shows the evolution of 〈s〉 with annealing temperature. It exhibits
a plateau followed by an exponential increase. The constant regime implies that the
most fragile objects in the population, namely, the dimers (and on square lattices
also the trimers), neither dissociate nor diffuse, as both would lead to coarsening.
The exponential increase is reminiscent of the Ostwald ripening. The temperature
threshold of its onset thus defines the i = 1 regime and yields the dimer bond
energy Eb = 150 ± 20 meV under the assumption Ediss = Em + Eb [88].

As an advantage to island nucleation, the size distributions obtained from the
Ostwald ripening are significantly sharper. The STM images in Figure 20.21a,b
already show this qualitatively. The size distribution in Figure 20.21d shows that
the HWHM decreases from σ = 0.55 for homogeneous nucleation at i = 1 to
σ = 0.30 for coarsening. This is wider than σ = 0.20 reported for nucleation on
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a periodic template [170]. However, the Ostwald ripening is also significantly
simpler, as it works on a homogeneous substrate. Similar to nucleation, the island
size distributions obtained from the Ostwald ripening at various temperatures [28]
become congruent when scaled the same way as for nucleation.

20.6.2
The Smoluchowski Ripening

A second mechanism of island coarsening is the diffusion of entire islands and their
coalescence. This mechanism can dominate the Ostwald ripening, especially for
systems with high cohesive energy, or for very low surface adhesion and therefore
also low diffusion barriers, such as metal islands on graphene or h-BN.

We illustrate an example where this ripening process has been observed starting
from single transition metal adatoms on a Pt(111) surface [253]. Every cluster
size has its characteristic onset temperature of diffusion, giving rise to a stepwise
increase in the mean island size as a function of annealing temperature, as shown
for the case of Co in Figure 20.22. The curves for Fe and Pt have their plateaus
at exactly the same mean sizes; however, the respective onset temperatures are
system specific. They give access to the cluster diffusion energies of each size, as
we will illustrate later for Co/Pt(111). The height of the respective plateaus can be
understood as follows. All monomers start to diffuse simultaneously at their onset
temperature and form dimers and trimers. The latter result when a monomer is
close to two monomers that have already met. Once the dimers start to diffuse, they
might meet one of their own or join an immobile trimer giving rise to a mixture
of tetramers, pentamers, and remaining trimers. At the next higher temperature,
these trimers start to move and join the other islands.

The black curve shows KMC simulations for monomer and dimer diffusion.
In order to keep the number of parameters low, a common preexponential factor
ν0 has been used, leaving the energy barriers of the two processes as the only
two remaining fit parameters. Note that the step heights cannot be adjusted.
Nevertheless, they are exactly reproduced, confirming the interpretation that this
is the Smoluchowski ripening with the peculiarity of one atom increment size-
dependent onset temperatures for cluster diffusion. The step from 〈s〉 = 1.0 to
2.5 atoms at 65 K gives Em = 210 ± 20 meV. This value is in excellent agreement
with Em = 200 ± 10 meV deduced from the Arrhenius of nx for that system
[254, 255] and with Em = 200 ± 30 meV measured with low-T AFM by integrating
the force needed to displace the atoms over the bridge site times the distance [256].
The attempt frequency had to be set to ν0 = 1.5 × 1015 Hz, which is quite high
compared with the common value of ν0 = 1013 Hz, but it is close to the value of
ν0 = 1 × 1014±0.5 Hz found from the density scaling [255].

The following step from 〈s〉 = 2.5 to 4.5 atoms at 95 K gives a dimer diffusion
barrier of Em,2 = 270 ± 30 meV. As trimer diffusion is linked to several different
atomic processes in KMC simulation, thus implying multiple parameters, the last
step associated to the diffusion of trimers has been simulated by integration of the
rate equations from mean-field nucleation theory. The result of these simulations
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is shown as the gray curve. It reproduces the KMC result for the first two steps and
the experimentally observed third step at 160 K. The resulting trimer migration
barrier is Em,3 = 440 ± 30 meV [253]. After this step, the mean size is 6.5 atoms in
the simulation, coming from the coexistence of tetramers, pentamers, hexamers,
and a very small amount of heptamers.

We underline that this sequence of atom-by-atom size-dependent cluster dif-
fusion barriers will always give rise to the steps we have discussed here for the
example of Co/Pt(111) and that have also been observed for Pt and Fe on the
same substrate [253]. Evidently, if two following cluster sizes start to move at once,
one step will be suppressed. Note that also size-selected metal clusters deposited
on graphene undergo the Smoluchowski ripening (F. Esch and U. Heiz, personal
communication). Upon reaching a certain cluster size, the Ostwald ripening will
compete with the Smoluchowski ripening. The critical size for this depends on the
cohesive energy of the cluster element and on the corrugation of the interaction
potential with the surface. The increase in the mean size observed for Co/Pt for
Tann ≥ 220 K in Figure 20.22 might already be that regime.
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Figure 20.22    Mean island size in atoms as a function of annealing temperature derived from 
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in addition trimer diffusion (n0 = 1.5 ¥ 1015 Hz for all processes) [253]. 



20.7 Growth Morphologies 465

20.7
Growth Morphologies

At this point, we leave the submonolayer part of this chapter and turn our attention
to the growth morphologies that form in the multilayer thickness regime and
discuss their origin. Subsequently, we close by describing methods that enable
growth manipulation such as to lead the desired flat film surfaces and atomically
sharp interfaces.

20.7.1
Growth Oscillations

There are three surface morphologies that appear during the course of thin
epitaxial film growth, and each of them is associated with its own thickness-
dependent roughness evolution. Figure 20.23a shows that the sample stays all the
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time flat when the film grows by step flow that we had introduced above to define
homo- and heterogeneous nucleation. Layer-by-layer growth implies a roughness
maximum each time the thickness reaches half-integer monolayers, while at integer
monolayers, the surface is as flat as the initial substrate. Multilayer growth leads
to a monotonically increasing surface roughness with film thickness. The term
multilayer growth has to be understood in the sense of many layers being open and
thus growing simultaneously, while in layer-by-layer growth, there are only two
open layers, and in step flow only one. The three film morphologies are caused by
kinetics rather than thermodynamics and therefore should not be confused with
the growth modes discussed earlier in this chapter.

The surface roughness can be probed in situ during growth by diffraction
techniques using electrons, X-rays, or a coherent beam of helium atoms with
thermal energy. The latter technique is referred to as He atom scattering (HAS),
see Chapter 8 in Volume 2. In all three methods, the contrast is obtained by adjusting
wavelength and the incident angle in such a way that the two beams specularly
reflected from subsequent atomic planes interfere destructively. Figure 20.23b
shows the expected normalized intensity of a diffraction signal recorded under these
antiphase scattering conditions. It stays constant for step flow, shows oscillations
with constant amplitude for layer by layer, and an exponential decay for multilayer
growth.

The signal measured with HAS for Cu(100) homoepitaxy is shown in
Figure 20.23c for the three growth temperatures yielding the three cases discussed.
At 473 K, the reflected He intensity stays constant. At this temperature, all atoms
may reach the substrate steps and the film grows without nucleation at all. At
which temperature step-flow growth is expected can be estimated for a given
system from its saturation island density. The mean distance a monomer travels
before encountering one of its own or an existing nucleus is the mean island
spacing at saturation λ ≈ √

1/πnx ≈ (D/F)1/6, where the last equality applies to
i = 1. If λ is larger than the terrace width, no islands are formed and all atoms
reach the substrate steps to which they attach.

Very nice growth oscillations are obtained in our example of Cu/Cu(100) at 345 K.
Comparing the respective Figure 20.23b and c reveals that the oscillation amplitude
is strongly damped in the experiment. This is due to growth imperfections on a
length scale smaller than the coherence length of HAS. Perfect periodic monolayer
oscillations of the surface roughness would appear when the film grows from nuclei
that stay 2D during their growth until they coalesce. This implies that all atoms
deposited atop the islands can descend until percolescence. Then the roughness
has its maximum just before percolescence and a minimum when an integer layer
is completed.

Multilayer growth is obtained for Cu/Cu(100) at 97 K. One sees a small peak
at 1 ML, but the envelope of the reflected He atom intensity corresponds to
the expected exponential decay. Multilayer growth is also referred to as kinetic
roughening or mound formation. It involves the additional energy barrier �Es for
an adatom to descend a step. Kinetic roughening occurs if, after the first layer
nuclei have reached a critical radius rc, atoms deposited atop can no longer descend
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quickly enough, leading to the critical monomer density atop the island for second-
layer nucleation. For dimers being stable nuclei, it suffices to have two monomers
long enough present atop an island that they meet each other. The criterion for
mound formation is λ > 2rc, that is, kinetic roughening occurs if islands grow to
more than two times the critical radius before they coalesce, or in other words, if
second-layer nucleation starts half-way before coalescence. For homoepitaxy with
typical deposition fluxes and attempt frequencies, one can derive the criterion
�Es + 1/6 Em = Es − 5/6 Em > 4.8 kBT , relating mound formation to the energy
barriers of the two decisive atomic diffusion processes [29].

20.7.2
‘‘Wedding Cakes’’

In case of infinite step-edge barriers, no atom can descend and one obtains a
Poisson distribution for the exposed coverages [258]. Pt(111) homoepitaxy at 440
K is almost a perfect realization of this scenario, also called statistical multilayer
growth [259]. Figure 20.24 shows that the mound density is given by the initial island
density, the number of open layers augments with �, and top layer steps approach

a) b)

c) d)

1000 Å

[112]

Figure 20.24    Growth morphology as a function of coverage for Pt(111) homoepitaxy at 
Tdep = 440 K: Q = (a) 0.35, (b) 3, (c) 12, and (d) 90 ML (F = 7 ¥ 10–3 ML s–1). (Adapted from 
Ref. [259].) 
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the perfect close-packed 〈110〉 orientation, while the ones of the first few layers are
rougher and less well aligned to the close-packed directions [29]. This is quantified
by the kink density going from 0.2 at 0.35 ML down to 0.009 at 306 ML [29]. For
earlier examples of statistical multilayer growth see Refs [260, 261].

The layer distribution obtained from STM images such as Figure 20.24d cor-
responds quantitatively to the expected Poisson distribution, apart from the last
view top layers that are significantly larger. This is due to finite interlayer diffu-
sion being more important for the uppermost terraces, as on them, there are no
ascending steps where the deposited atom might attach, and therefore, it explores
the descending step many times until it eventually descends, even in the presence
of large �Es values. One can introduce finite interlayer diffusion by allowing the
growth of layer n only when the preceding layer n − 1 has reached a critical cover-
age �c [29]. For the example of Pt(111) homoepitaxy at 440 K, there is very good
agreement with the experimental layer distributions for �c = 0.122 ML translating
into �Es = 0.14 meV [29].

The additional interlayer diffusion barrier strongly depends on the atomic
step site where the descent takes place. On kinks, it can be close to 0 and
on straight steps it is around 0.33 meV in the case of Pt(111). Therefore, the
layer- and deposition-temperature-dependent kink density leads to a thickness-
and temperature-dependent effective interlayer diffusion barrier �Es,eff (�, Tdep).
With the aforementioned kink concentrations, one obtains from adding up the
interlayer diffusion rates according to the abundance of kink versus straight step
sites �Es,eff (0.35 ML,440K) = 0.06 eV, whereas �Es,eff (306 ML,440K) = 0.18 eV.
The interlayer barrier appearing in the criterion for mound formation is also an
effective one.

The very small kink density of the highest layer islands is attributed to the fact
that they are smaller than the first islands that have no bound for their growth other
than the mean distance given by nx. Therefore, the uppermost layer islands do not
reach the critical length from which on adatom diffusion along the step is rate
limiting and spatial fluctuations of lateral adatom arrival lead to shape instabilities
with rough steps. A second reason is that the upper islands not only grow by lateral
attachment of atoms but also much more than the lower layers by atom descend
from top. As this descend takes place mostly at kinks, and as the descending atom
just shifts the kink by one site but does not create a new one, the number of kinks
is kept low.

20.8
Growth Manipulation

We discuss concepts of growth manipulation toward perfectly flat layers forming
atomically sharp interfaces, as required in the majority of applications. We start
by introducing the concept of layer-dependent adatom mobilities. In the following
discussion of surfactants, we will see that their action very often is related to altering
adatom mobilities on subsequent layers. We close by showing how layer-dependent
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mobilities and 2D growth can be enforced by periodic short energetic ion pulses
accompanying growth.

20.8.1
Layer-Dependent Adatom Mobilities

The necessary condition for layer-by-layer growth in the kinetic regime is that every
atom deposited on top of an island can reach the descending step. The sufficient
condition is that it does descend before having had the chance to create a stable
cluster on top with one or more of its own. Both conditions have to be met at any
stage of growth. This brings us to the concept of layer-dependent adatom mobilities
that is at the origin of growth manipulation [262].

We label the growing layer n. The mean island diameter of that layer at coalescence
equals the average island separation given by the mean-free diffusion path λn−1 of
adatoms of layer n that diffuse on layer n − 1 with rate Dn−1 (Figure 20.25). If the
mobility on top of layer n is larger or equal than that below, λn ≥ λn−1, the atoms
deposited on top reach the island edge at any stage of growth.

For homoepitaxy, D is layer independent and the atoms can reach the island
edge, but only a limited number of times. If there is a small extra barrier for
edge descend the system grows 3D. Note that these are kinetic considerations.
For a homoepitaxial system, it suffices to anneal the film and it will get flat. This
underlines the difference of the kinetic roughening we are discussing here with
the SK or the VM growth modes that are obtained at equilibrium.

For heteroepitaxy, there are generally layer-dependent mobilities resulting from
layer-dependent surface structure and/or strain, which both have a strong effect

Coalescence, Dn < Dn –1:

ln –1

ln

ln –1

ln –1

Dn –1

ln

Coalescence, Dn > Dn –1:

Dn

Nucleation

layer n

Figure 20.25 The concept of layer-dependent adatom mobilities [262, 263].
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on Em and �Es. Strain can therefore promote layer-by-layer growth [71]. The most
spectacular example are close to undamped growth oscillations induced in Pt(111)
homoepitaxy at Tdep = 620 K [264]. They are caused by the Pt-adatom-induced
reconstruction of the terraces [265]. The islands are unreconstructed and therefore
adatoms diffuse very fast, while the diffusion on the terrace is slowed down by
the reconstruction [266]. Therefore, one has λn � λn−1 giving the atoms atop the
islands many attempts to descend the steps at the island edges leading to 2D growth
even in the presence of a significant barrier for interlayer diffusion. The mobility
on top of the growing layer can equally well be reduced by strain effects, see bottom
of Figure 20.25, which inhibits layer-by-layer growth, even in the absence of an
extra barrier for interlayer mass transport.

The concept of layer-dependent mobilities opens new ways to promote layer-by-
layer growth by enhancing the mobility on top of the growing layer or by reducing it
in the initial nucleation phase of each layer [262, 267, 268]. The action of surfactants
has additional components to it; however, the concept of layer-dependent mobility
is very useful for their description. We therefore first discuss surfactants and then
turn to periodic perturbations of the growth conditions leading to layer-dependent
mobilities inducing 2D growth.

20.8.2
Surfactants

A surfactant is a foreign chemical species that supports layer-by-layer growth. A
requirement of a surfactant is that it floats up onto the surface of the growing layer.
Otherwise, it would get incorporated into and finally buried by the growing film.
Thereby, its action would cease and the film properties deteriorate by the induced
compositional change.

In the thermodynamic picture of epitaxial growth, the role of a surfactant is to
lower the surface free energy of the film and thereby promote wetting and 2D
growth [269]. However, often the action of a surfactant is required at temperatures
where kinetics dominates the morphology. We have discussed earlier the criterion
for mound formation, or kinetic roughening. As it contains the difference between
Es and Em, a surfactant can act on both these quantities, it might increase the
barrier for surface diffusion or decrease the barrier for step descent. We have also
pointed out that the latter is an effective barrier Es,eff . Therefore, there are two
ways a surfactant can reduce it. The first is to reduce the energy barrier for the
rate-limiting step-descent process; for example, a roll-down process can become
an exchange process in the presence of the surfactant leading to a lower barrier.
The second is to change the kink density at steps thereby inducing more step sites
with lower Es, reducing Es,eff . This can be identified by looking at the island shapes
during growth in the presence and absence of the surfactant.

Altogether, this gives three ways by which a surfactant can act on the growth
kinetics: increase in Em, reduce Es for the relevant interlayer diffusion process, or
reduce Es,eff by reducing the adatom mobility along steps creating ramified islands
with more kink sites. A surfactant may act in more than one of these three ways in
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parallel. Note that the decrease in Em changes layer the moment the surfactant floats
up. If this coincides with island coalescence or even layer completion, a surfactant
induces the right layer-dependent mobilities favoring layer-by-layer growth.

Which element is the best surfactant for a given epitaxial system is still very often
determined by trial and error. It is important that the surfactant is easy to remove;
therefore, adsorbed gases such as O and CO are often used, but Sb, Pb, and In have
also been used with success. For surfactants in semiconductor epitaxy, we refer to
Ref. [270] and discuss here three examples from metal epitaxy. These examples are
from homoepitaxy, and therefore, textbook examples illustrate the principle.

Figure 20.26 shows the stunning effect of Sb used as surfactant in the room-
temperature homoepitaxial growth of Ag(111) [271, 272]. The additional step-
edge barrier of Ag/Ag(111) is sufficiently high [108, 112, 273] to induce mound
formation at 300 K. An STM image after deposition of 25 ML is reproduced
in Figure 20.26a and shows the 3D growth morphology resulting from kinetic
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Figure 20.26    Layer-by-layer growth induced in Ag(111) homoepitaxy by Sb as surfactant 
(Tdep = 300 K). (a) 3D morphology after deposition of 25 ML Ag without surfactant. (b) 2D 
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roughening. Figure 20.26b reveals that by adding a submonolayer coverage of Sb,
the film shows a perfect morphology for layer-by-layer growth. The surfactant effect
of Sb is further evidenced in the surface X-ray reflectivity shown in Figure 20.26c.
There are layer-by-layer oscillations each time Sb is dosed before growth [272]. The
initial amplitude of the oscillations is large, however, they are damped after 15 ML
indicating that some of the Sb is buried during growth. STM revealed that nx

increases by a factor of 40 if Sb is preadsorbed at 300 K, where it forms (
√

3 × √
3)

adatom islands. This increase is still significant with nx,Sb = 6nx,clean when the
precovered surface is annealed to 470 K, where the Sb atoms isolate and take on
substitutional sites [271]. Therefore, the main effect of Sb is the increase in Em,eff .
DFT calculations confirm this picture as they show that Sb prefers substitutional
sites on Ag(111) and that Ag adatom diffusion is slowed down by the repulsion
exerted by the substitutional Sb atoms [274].

It is seen from comparison of Figure 20.26a and b, as well as from the
submonolayer island shown in Figure 20.27b, that the islands have meandering
steps in the presence of Sb. Therefore, they have more kinks and thereby the
surfactant also reduces Es,eff in addition to its Em,eff increase. The lower edge
mobility behind this island shape transition might be caused by the chemical step
heterogeneity due to the substitutional Sb atoms.

The island shapes for Al(111) homoepitaxy in the presence of preadsorbed oxygen
islands are also much more ramified than without [133]. Figure 20.27a shows large
Al islands with wide meandering branches with a shape similar to Ag islands
formed on Pt(111) at 220 K discussed earlier. The oxygen is present in the form
of Oad − (1 × 1) islands [275, 276] that are imaged dark in Figure 20.27a. These
islands act as repulsive point defects for the diffusing Al adatoms by which they
change the effective diffusion barriers and island densities [133]. They also repel
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steps that grow around them leading to the observed meandering and possibly also
to the voids in the islands.

Now we contrast an antisurfactant (CO) with a surfactant (O) for Pt(111)
homoepitaxy. Very small amounts of CO adsorbed during growth raise Es without
significantly affecting Em and the island compactness, therefore favoring mound
formation. At saturation coverage of 0.5 ML, CO forms a c(4 × 2) overlayer on
Pt(111). It is seen from comparison of Figure 20.28a and b that this layer strongly
increases nx at Tdep = 300 K, namely, by a factor 5.5 [29]. Nevertheless, the
growth morphologies after 1 and 5 ML (Figure 20.28e,h) are considerably rougher
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than those of the clean system. Therefore, the Em increase must be more than
counterbalanced by an Es increase, and therefore, CO is an antisurfactant for
Pt(111) homoepitaxy from very small up to saturation coverage on the growing
film.

A partial pressure of oxygen in the background gas during Pt/Pt(111) growth
induces weak growth oscillations in HAS at temperatures where the clean system
shows a monotonic decay of the specular He intensity [277]. This is indicative
of a surfactant effect. Note that oxygen has also be identified as surfactant for
Cu/Ru(0001). For that system, the work function change has been used to monitor
the growth oscillations [278, 279]. On Pt(111), oxygen forms at saturation an
adsorbed p(2 × 2) layer with 0.25 ML coverage. Its effect on the island density
becomes apparent from inspection of Figure 20.28c, showing very many islands
with 25 times higher density than without oxygen preadsorption. Under the
assumption of identical critical cluster size and preexponential factors than the
clean system, this nx increase converts into an Em increase from 0.26 to 0.51 eV.
Comparison of Figure 20.28d and f, respectively, with Figure 20.28g and i shows
that the growth morphology is slightly more flat in the presence of oxygen than
that in the clean case. Looking at the criterion for mound formation, one infers
that the Oad-induced increase of Es, if there is any, has to be less than 0.21 eV in
order to explain the observed growth improvement.

The surfactant effect of oxygen becomes more appreciable when growing at
400 K. The morphologies after deposition of 5.0 ML with and without oxygen
preadsorption are compared in Figure 20.29. Oxygen induces a close to perfect
layer-by-layer morphology while 3D mounds with triangular shape are formed
without surfactant. The inset in Figure 20.29b shows a surface grown under the
same conditions as Figure 20.28i. The p(2 × 2)–Oad layer is clearly discerned

a) b)
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Figure 20.29    Surfactant effect of oxygen for Pt(111) homoepitaxy at 400 K (Q = 5.0 ML). (a) 3D 
growth of clean system. (b) Flat growth after preadsorption of a saturation coverage of oxygen 
(Q = 0.25 ML). Inset: O/Pt(111)-p(2 ¥ 2) �����	�����	��	�
���	"����!	�
	%�&	-6	��	?&&	<�	�<�+���	
provided by T. Michely and adapted from Ref. [29].)
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proving that it floats up, as requested for a surfactant. After growth, the O can
entirely be removed by dosing H2 [29].

The effect of O has been studied in the unintentional presence of very small
amounts of CO, thus mixing surfactant and antisurfactant [280]. In that case, the
preadsorbed Oad layer prevents CO from adsorbing at steps and therefore leads to
a reduction in Es compared with the CO-contaminated case.

These examples illustrate the complexity of surfactant action. The simple decrease
in Es, often wrongly concluded after the first observation of a surfactant effect,
is the exception. The increase in Em, and the change of the kink abundance at
steps, are much more often the way a surfactant operates in the kinetic growth
regime. The first effect is related to layer-dependent adatom mobilities because the
surfactant increases Em on the layer where it is present, while atoms falling onto
the islands growing on that layer have a higher mobility. Because we discussed here
examples from metal homoepitaxy, we would like to point out the work using Pb
for Cu(111) homoepitaxy [281, 282]. For surfactants in metal heteroepitaxy, we refer
to Refs [278, 283], and for their use in semiconductors, we refer to the review [270].

20.8.3
Periodic Ion Bombardment

As we have seen, layer-by-layer growth is promoted if adatoms are more mobile on
the topmost layer than on the one below. This augments the number of times they
can reach the descending steps and therefore the probability that they eventually
descend instead of creating a new nucleus with other atoms. Variation of the
mobilities on subsequent layers of the growing epitaxial film can be provoked by
the variation of external parameters with monolayer period. The mobility has to
be decreased in the initial nucleation phase of each layer. This corresponds to an
increase in nx and can be achieved by lowering Tdep or by increasing F during
the initial nucleation phase [268]. The former is difficult because the substrate
temperature cannot be varied very rapidly without significant heating power that
might cause an unacceptable rise in background pressure. The flux can be varied
more easily because one can install a second evaporator in order to alternate the
regular with the high flux. However, the flux enters nx with an exponent of only 1/3
for i = 1, thus requiring typically two orders of magnitude higher fluxes to achieve
the desired layer-by-layer growth.

A much more efficient and easier-to-implement method is a brief ion bom-
bardment during the initial nucleation phase of each layer. It is seen from curve
b in Figure 20.30 that this leads to pronounced layer-by-layer oscillations for
Ag/Ag(111) [262, 284]. This figure also compares the antiphase He reflectivity for
continuous sputtering (curve c) with the one of the pristine system (curve a). As
expected, continuous sputtering increases the film roughness beyond the one of
clean Ag/Ag(111). A nice demonstration that it is indeed the initial island density
that gives rise to the observed effect on the film morphology has been provided by
growing islands at 100 K (� = 0.05 ML) before continuing growth at 260 K. The
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Figure 20.30   Curve (b), layer-by-layer growth induced in Ag(111) homoepitaxy by sputter pulses 
applied each time a monolayer is completed and a new layer nucleates, see arrows (Tdep = 300 K, 
F = 4.7 ¥ 10–3 ML s–1, 600 eV Ar+ sputter pulses, each removing 0.014 ML). (I/I0)-normalized 
antiphase He diffraction signal. Curve (a), kinetic roughening without growth manipulation. 
Curve (c), stronger roughening for continuous sputtering. (From Ref. [262].)

resulting He reflectivity is very similar to the one where nx has been increased by a
brief sputter pulse and growth performed at 260 K [284].

The mechanism linking short energetic ion pulses to large island densities is the
fact that they not only remove atoms from the surface (sputtering) but also create
a large density of adatom islands [285]. Each ion removes roughly one atom and
creates a large local density of adatoms around the ion impact site that condense into
islands. The inset in Figure 20.31b shows the very high density of adatom islands

a) b)

500 Å

Figure 20.31     Growth manipulation for Pt(111) homoepitaxy (Tdep = 400 K, Q = 5 ML, F = 5 ¥ 
10–3 ML s–1). (a) 3D growth induced by antisurfactant CO (pCO = 5 ¥ 10–10 mbar). (b) 2D growth 
induced by short sputter pulses applied at the beginning of each deposited monolayer (4 keV 
Ar+ ion pulses, each with a dose of  2 ¥ 1016 ions m–2). Inset: Pt(111) surface morphology after 
one sputter pulse. (Kindly provided by T. Michely and adapted from Ref. [286].)
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created after one sputter pulse on Pt(111) at 400 K [286]. The film morphology
after deposition of 5 ML at 400 K with periodic sputter pulses is almost perfectly
flat (Figure 20.31b), while the slightly CO-contaminated system forms mounds
(Figure 20.31a) very much as the clean system does, compare Figure 20.29a.

Periodic sputter pulses have also been applied with success to Cu(111) homo-
and Ni/Cu(111) heteroepitaxy [287, 288]. The drawback of growth manipulation by
periodic ion bombardment is that subsurface vacancies created by the ion impact
are not healed out for growth temperatures below 0.3 the melting temperature
Tm [29] leading to porous films. An additional disadvantage in heteroepitaxy might
be ion-impact-induced exchange of film with substrate atoms. However, the film
morphology can be very well controlled this way, and the two kinds of possible
point defects might not be disturbing for many applications.

Further Reading

This chapter is part of a textbook and therefore focused on the basic principles
that are illustrated by a few examples taken for submonolayers mainly from the
authors’ past and in some cases also present own research and for multilayers from
Thomas Michely who kindly provided many original figures. There are two more
textbooks that we recommend. They are dedicated to graduate students, as well as
suited to more experienced researchers as a first approach to the field. The one by
John Venables [289] has a chapter dedicated to epitaxial growth where nucleation
theory is outlined and also results on island densities and shapes from SEM are
discussed. This book also contains valuable information on UHV technique and
evaporators with many practical hints, and it describes the technique reflection
high-energy electron diffraction (RHEED) that is commonly used to monitor the
film morphology and the number of layers, which we did not discuss here. The
second book is by Alberto Pimpinelli and Jacques Villain [290]. It focuses on
crystal growth in the light of statistical physics and treats thermodynamic and
kinetic concepts of growth, dissolution, ripening, and growth instabilities. It has a
very useful collection of appendices with derivations and proofs where the more
experienced reader can go very rapidly into depth.

Among the books dedicated to scientists that have already some experience in
the field of epitaxial growth, we recommend the one of Thomas Michely and
Joachim Krug [29]. It gives an excellent overview of our present understanding of
submonolayer and multilayer growth in the kinetic growth regime. It focuses on
homoepitaxy and therefore does not treat misfit, strain, and the related effects.
For a more general, albeit less recent view on epitaxial growth, we recommend
the edited book by David King and Phil Woodruff [291]. A second edited book
that we recommend is by Zhenyu Zhang and Max Lagally [292]. It contains
excellent chapters, for example, on the concept of two mobilities, surfactants, and
coarsening. In addition, it gives an appreciation of the system-specific aspects for
metal/metal, semiconductor/semiconductor, and metal/semiconductor epitaxy.
Among the review articles, we recommend [28, 293] for submonolayer metal
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epitaxy, the book chapter [294] for their submonolayer and multilayer epitaxial
growth, an early book chapter [295] and the review article [296] for semiconductors,
and finally, [297] for SiC.
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