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By studying metal growth on Pt(111), we determine the reasons for the high island densities observed in

pulsed laser deposition (PLD) compared to conventional thermal deposition. For homoepitaxy by PLD

with moderate energies (&100 eV) of the deposited ions, high island densities are caused by the high

instantaneous flux of arriving particles. Additional nuclei are formed at high ion energies (*200 eV) by

adatoms created by the impinging ions. For heteroepitaxy, the island density is also increased by

intermixing (deposited material implanted in the surface), creating an inhomogeneous potential energy

surface for diffusing atoms. We discuss implications for layer-by-layer growth and sputter deposition.
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Pulsed laser deposition (PLD) is a versatile technique for
growing films of almost any material and offers significant
advantages over conventional thermal deposition (TD)
such as improved layer-by-layer growth and stoichiometric
transfer of material from the target to the substrate [1–3].
For PLD, pulses of an energetic laser are directed onto a
target; the typical fluence (energy density) is few J=cm2 for
10–30 ns pulses. The ablated material forms a plasma
plume, and, depending on the laser fluence, the ejecta
deposited on the substrate contain a large fraction of singly
or multiply charged ions with energies between tens and
hundreds of eV. This is 2 to 3 orders of magnitude above
the particle energies in TD.

When comparing TD and PLD, one of the most obvious
features of PLD-grown films is the high island density.
Many groups attribute this fact to the high instantaneous
flux of particles arriving on the substrate after each laser
pulse [3]. According to nucleation theory [4–7], this in-
creases the island density. Other works also show that the
energy of the impinging ions plays an important role
(Fe=Cuð111Þ, [8]) and a further study found a significantly
enhanced diffusion rate for PLD, attributed to energetic
particles (Fe=Moð110Þ, [9]). For Co=Cuð100Þ, identical
island densities for TD and PLD have been reported,
questioning these results [10]. Concerning improved
layer-by-layer growth, it was concluded that deposition
in pulses is insufficient to explain it [11]; disruption of
islands by impinging energetic ions [2] was proposed as a
reason. Even for simple systems like metal-on-metal
growth, no coherent picture emerges, and the reasons for
the differences between TD and PLD remain obscure. Our
study for the first time combines atomic-scale observations
of nucleation in PLD and measurements of the ion ener-
gies, making it possible to disentangle the different effects.

Experiments were conducted in a two-chamber ultra-
high vacuum system; base pressures in the preparation and
STM (scanning tunneling microscopy) chambers are in the
mid-10�11 and upper 10�12 mbar range, respectively. The
substrate, a Pt(111) single crystal, was cleaned by cycles of

sputtering (3 keV Arþ) and annealing (�800 �C), stored
in the STM chamber until shortly before deposition
and placed on a manipulator cooled by liquid nitrogen
(T > 100 K) or liquid He (T < 100 K) for deposition
(temperature accuracy � �10 K at low T). No impurities
could be detected by Auger electron spectroscopy; STM
showed a very small concentration [�10�3–10�4 mono-
layers (ML)] of oxygen. For PLD, the beam of a frequency-
doubled Nd:YAG laser (532 nm) with 10 ns pulse length

FIG. 1 (color online). (a),(b) STM images of 0.014 ML Pt
deposited on Pt(111) by PLD (STM at 80 K). (c) Experimental
island densities labeled with the energies of the impinging Pt
ions. Full and broken lines show calculated island densities for
pulsed (10 pulses, 10 �s each, 10 Hz) and continuous (1 s)
deposition. (d) Geometry of our PLD setup.
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and 10 Hz repetition frequency was focused onto a rotating
target [polycrystalline Pt or Co; see Fig. 1(d) for the
geometry]. The energy distribution of the ablated ions
was measured by a time-of-flight spectrometer; the fraction
of neutrals with a lower energy was found to be negligible
[12]. The ion energy, which increases with increasing laser
fluence on the target, was varied by changing the focus size
and pulse energy, keeping the deposition rate constant [13];
the fluence required for 100 eV Ptþ ion energy was about
1:5–2 J=cm2. The deposition rate was determined by a
temperature-controlled quartz crystal microbalance oper-
ated at the minimum of its frequency-versus-temperature
curve; and the laser was operated continuously with con-
stant pulse energy between rate determination and deposi-
tion to ensure high rate accuracy. Nevertheless, pulse-to-
pulse fluctuations of the laser as well as small inhomoge-
neities of the target lead to fluctuations of the amount of
ablated material in a single pulse. For depositing low
amounts of material, we have therefore not used single
pulses but 10 successive laser pulses, resulting in an esti-
mated accuracy of the coverage better than�20% with the
exception of conditions very close to the ablation thresh-
old, where pulse-to-pulse fluctuations of the ablation yield
are very large. The rate was also checked by deposition of
larger amounts of material and measuring the island areas
by STM.

For calculating Pt=Ptð111Þ island densities, we have
used nucleation theory with rate equations as in Ref. [5],
but including dimer mobility. We have used monomer and
dimer diffusion barriers of 0.26 and 0.37 eV, respectively,
preexponential factors of 5� 1012 s�1 [14], capture num-
bers of 3 for monomers and dimers [5], and coverage-
dependent capture numbers [7] for larger islands. These
values perfectly reproduce the island density obtained by
thermal deposition [6] in the temperature range of interest.
The calculations include a post-deposition period of 200 s
with the sample at the deposition temperature before in-
sertion into the STM, where the temperature was low
enough to prevent further diffusion.

Figures 1(a) and 1(b) show STM images of 0.014 ML
Pt deposited at different temperatures by 10 pulses on
Pt(111). The island densities obtained from such experi-
ments are shown in Fig. 1(c). Besides the usual increase of
island density with decreasing temperature, it is obvious
that higher energies of the impinging Pt ions (larger and
lighter disks) lead to higher island densities than lower ion
energies. Figure 1(c) also shows island densities calculated
with nucleation theory for pulsed deposition (assuming
particles arriving in 10-�s-pulses; this time spread is due
to the distribution of flight velocities between target and
sample). Considering the experimental errors, this curve
agrees well with the measured island densities for low and
moderate ion energies. For temperatures above �150 K,
where the time needed for the formation of stable nuclei
from single adatoms is shorter than the time between two
laser pulses, the island density calculated for pulsed dep-
osition is higher than for continuous deposition with the

same average deposition rate: Immediately after the pulses,
the adatom density n1 is significantly higher than for
continuous deposition. As the rate of dimer formation is
proportional to n21, this leads to an increased density of
nuclei. Similarly, the second plateau of the island density at
�250 K is related to dimer diffusion; there the high in-
stantaneous dimer density n2 after a pulse results in more
adatom-dimer and dimer-dimer mergers than in continuous
deposition. Adatom diffusion within the �10 �s deposi-
tion periods plays a role only at temperatures above
� 270 K; the influence of the exact deposition period on
the island density is very small.
While we could explain the island densities for ion

energies below �150 eV by standard nucleation theory,
taking pulsed deposition into account, the island densities
for ion energies above �200 eV are clearly higher than
calculated. To examine the reasons for this, we have de-
posited 0.0056 ML Pt at temperatures below 60 K (where
adatom diffusion is frozen) and measured the resulting
adatom density at 5 K. The substrate lattice could be
reconstructed from a few CO molecules in the images,
knowing that these are in on-top sites. The STM images
[Figs. 2(a) and 2(b)] show mostly single Pt adatoms in fcc
hollow sites. A few species appear as double maxima in
adjacent fcc and hcp sites [above center in Fig. 2(b)]. We

FIG. 2 (color online). (a) STM image of 0.0056 ML Pt depos-
ited on Pt(111) by PLD at 50 K (Eion ¼ 90 eV; STM at 5 K). The
Pt(111) substrate lattice reconstructed from the CO sites is
superimposed on (b). (c) Number of adatoms or clusters depend-
ing on the energy of the impinging Pt ions. 2� error bars include
counting statistics only. The broken line is a guide to the eye.
(d) STM image of 0.2 ML deposited at 180 K (Eion ¼ 130 eV),
showing vacancies in the substrate. The image was processed for
better visibility of the atomic corrugation on the substrate and
adatom islands.
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attribute these to Pt adatoms having trapped an adsorbate
mobile at 50 K, possibly H2O. For thermal deposition and
at ion energies around 100 eV, we find roughly one adatom
per deposited Pt atom/ion, whereas ion energies between
200 and 300 eV lead to roughly two adatoms per deposited
Pt [Fig. 2(c)]. The data below 100 eV are close to the
ablation threshold and thus suffer from large rate uncer-
tainties. Our observations of more than one adatom per
deposited atom can be easily explained as it is known that
impinging ions not only eject target atoms from the surface
(sputtering), but also push atoms out of the surface with
lower kinetic energy and thereby create adatoms [15]. We
call this effect ‘‘failed sputtering.’’ We have performed
molecular dynamics calculations with the same potentials
as in Ref. [16]; the calculated adatom yield is higher than
the sputter yield by 1–2 orders of magnitude: 2.2 adatoms
and 0.05 sputtered atoms per impinging 100 eV Ptþ. The
calculations do not include inelastic losses and therefore
overestimate the adatom yield [16]; annihilation of nearby
adatom-vacancy pairs may further reduce the number of
adatoms if the barrier for this process is �0:1 eV. Our
experimental data are more comparable to the experimen-
tal adatom yield of 1.6 for 200 eV Xe ! Ptð111Þ [17].

Failed sputtering also results in vacancies in the surface.
Vacancies and vacancy clusters can be observed by STM
also at higher temperatures [Fig. 2(d)], and we also noticed
that their number increases with ion energy. Vacancy clus-
ters were observed even at room temperature. This means
that some of the adatoms caused by failed sputtering do not
fall victim to adatom-vacancy annihilation; thus, these
adatoms contribute to nucleation and thereby increase the
island density also at higher temperatures. The increase of
island densities above that obtained from nucleation theory
[Fig. 1(c)] occurs in the same energy range as the increase
of the adatom yield [Fig. 2(c)], confirming our hypothesis
that failed sputtering is responsible for the increased island
density.

In heteroepitaxy or when depositing compounds, inter-
mixing of substrate and deposited material comes in as an
additional factor [8,18]. As a model system, we have used
deposition of Co on Pt(111). Chemical contrast allows us
to discriminate between Pt and Co in the first layer; va-
cancies appear much darker than Co atoms embedded in
the first monolayer [Fig. 3(a)]. For ion energies around
80 eV, we find that the average surface concentration of Co
is �30% of the deposited coverage; i.e., about every third
Co atom is implanted into the surface. Looking at the
island sizes [Figs. 3(b) and 3(c)], we find a very obvious
difference between Co=Ptð111Þ PLD on the one hand and
PLD of Pt=Ptð111Þ or TD of any material on Pt(111):
While TD and homoepitaxial growth by PLD yield ‘‘nor-
mal’’ island size distributions [19], PLD of Co on Pt(111)
results in a wider island size distribution, with many small
islands, in contrast to the distribution expected for the
critical nucleus size of i� ¼ 2 found by TD at 300 K
[20], but also incompatible with i� ¼ 1. We can explain
this by heterogeneous nucleation on sites with implanted

Co, i.e., a higher corrugation of the potential energy land-
scape than on a pure-metal surface [21]. With increasing
Co coverage, new nucleation sites are formed by implan-
tation of Co on the terraces during deposition; islands
nucleating on these sites have less time to grow and more
competitors for adatoms than those nucleating earlier, ex-
plaining the extra peak at very low island sizes. Without the
formation of additional nuclei, the final island density is
reached soon after nucleation, leading to a narrower size
distribution. As the small (young) islands are often far from
larger (older) ones, they cannot be attributed to breakup of
islands by impinging energetic particles as proposed in
Ref. [2]. The breakup mechanism would also apply for
both homo and heteroepitaxy, while we observe unusual
island size distributions in heteroepitaxy only.
What is the significance of our findings for layer-by-

layer growth? Increased nucleation density alone usually
does not improve layer-by-layer growth (unless nuclei are
created at the right moment, after the previous layer has
been closed [22]). For example, considering the depen-
dence on the flux F and assuming immobile dimers (criti-
cal nucleus i� ¼ 1), the island density is proportional to

F1=3, and the minimum density of islands necessary to
suppress second-layer nucleation (at a given coverage) is

/1=R2
crit / F�2=7 [6]. The remaining factor of F1=21 could

tip the balance towards layer-by-layer growth only in rare
cases that are very close to layer-by-layer growth at low
flux. The situation is different for very small islands:
Atoms implanted with moderate energy will simply push
island atoms onto the bare terrace. Thus, no adatom is
created on the island, and second-layer nucleation does
not take place. This nicely explains why we find the best

FIG. 3 (color online). STM images of (a),(b) 0.2 ML Co and
(c) 0.2 ML Pt deposited on Pt(111) by PLD at 300 K. The insets
show experimental (813 and 189 islands for Co and Pt, respec-
tively) and calculated [19] island size distributions.

PRL 103, 076101 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

14 AUGUST 2009

076101-3



layer-by-layer growth of Pt on Pt(111) at 110 K, where is-
lands are in the 1 nm range (Fig. 4). An analysis of Fig. 4(d)
shows that �90% of the island area is within two inter-
atomic distances from the border, i.e., in the range where it
is likely that deposition with moderate particle energies
will result in implantation without any adatoms remaining.
For larger islands (higher T), the height distributions show
more than two levels; i.e., islands grow on top of other
islands.

In summary, the high island densities in homoepitaxy
are mainly due to the high instantaneous flux of impinging
atoms or ions, but further increased by adatom creation
(failed sputtering) at high energies of the impinging ions
(high laser fluence). For heteroepitaxy, the chemically
heterogeneous surface created by implantation leads to a
further increase of the island density. We expect a similar
mechanism also for compounds and oxides, though there
the variety of ‘‘chemical’’ defects created by impinging
ions is obviously larger. High island densities imply small
islands, where easy implantation near the edges facilitates
layer-by-layer growth.

Among all deposition methods, PLD is only a niche
player, but it has the advantage of being experimentally
far more accessible than the widely used method of sputter
deposition. Our results on the influence of different particle
energies can be applied for this method as well. It has been
shown that energetic particles in a sputtering setup lead to
increased island densities [23]. Our data confirm the con-
clusions drawn there by showing that particle energies well
above 100 eV are needed for creation of additional nuclei
by failed sputtering; these energies are only reached by gas

ions neutralized and reflected at the cathode, not by sput-
tered target atoms. Intermixing between deposited material
and the substrate occurs at lower energies, however, and
also causes increased island densities in chemically het-
erogeneous systems. Improved layer-by-layer growth due
to atom implantation near the edges is also possible in the
energy range reached by sputtered atoms, in case of small
islands.
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FIG. 4 (color online). STM images of 12� 1 ML Pt deposited
on Pt(111) by PLD at �100 eV kinetic energy (shown as if
illuminated from the left). Insets show height distributions; the
curve in (a) is the Poisson distribution arising in case of no
interlayer mass transport.
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