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ABSTRACT We have conducted the first experiments under
identical thermal, background, and surface preparation con-
ditions to compare metal-on-insulator growth morphology in
Pulsed Laser Deposition (PLD) and Physical Vapor Deposition
(PVD). Such films deposited from a thermal vapor are known
to exhibit a characteristic morphological progression beginning
with isolated three-dimensional islands and ending with a per-
colating, continuous film that conducts electrically. We have
studied this progression for Pulsed Laser Deposition, a tech-
nique that differs from PVD in that depositing species arrive
in short bursts (< 10 microseconds) with kinetic energy typ-
ically of 10–100 eV. Kinetic Monte Carlo (KMC) simulations
that take into account only the pulsed nature of the flux predict
that PLD films should advance to percolation with relatively less
deposition compared with PVD under otherwise identical con-
ditions. Our experiments, with PLD and PVD performed in the
same chamber, reveal that PLD films actually require more de-
position to reach percolation. We conclude that energetic effects
are important in determining morphology evolution.

PACS 81.15.Fg; 68.55.-a; 81.07.Bc; 82.20.Wt

1 Introduction

Metal-on-insulator thin films typically grow ac-
cording to the Volmer–Weber growth mode, in which atoms
grow in 3D islands on the surface [1–3]. As the islands grow
larger, they impinge upon other islands. When this occurs, the
islands may begin to coalesce, with atoms being exchanged
between them, driving them to become a single island. The
time scale for this process increases as the participating is-
lands grow larger [4]. Given a pair of coalescing islands, there
will be an island size above which the time required for coa-
lescence exceeds the time required for a third island to grow to
impinge with one of the pair. It is at this point that clusters of
coalescing islands remain elongated on the surface; they have
become kinetically frozen [3]. Further deposition joins these
elongated clusters, forming a tortuous network of channels
that continues to fill in with subsequent deposition [2].

The extensive knowledge base on metal-on-insulator film
growth by Physical Vapor Deposition (PVD) or Molecular
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Beam Epitaxy (MBE) makes it an excellent model system
with which to study surface kinetics for film growth by Pulsed
Laser Deposition (PLD). PLD differs from PVD in two essen-
tial ways: (1) the depositing species arrive in short bursts, on
the order of 10–100 µs, and (2) the depositing species have
a kinetic energy of 10–100 eV, compared with about 1 eV for
thermally-grown PVD films. In this work, we seek to explain
our results primarily in terms of (1) , but find that deposition
rates alone are insufficient to explain our experimental results.

We study this phenomenon using a combination of ex-
periments and Kinetic Monte Carlo (KMC) simulations. Two
investigations are reported. In the first, we prepare PLD and
thermally deposited films in the same chamber, under the
same substrate conditions, and at the same time-averaged de-
position flux. This corresponds to an investigation of the effect
of varying the instantaneous deposition flux. In the second, the
amount of material deposited during each pulse is held con-
stant, and the laser pulse rate is varied. This corresponds to
investigating the effect of varying the average deposition flux.

2 Experimental

Films were prepared by PLD in a vacuum chamber
with a base pressure of 2×10−8 Torr. The target was 99.999%
pure Ag, and was irradiated with a KrF excimer laser beam
(Lambda Physik LPX 305), wavelength 248 nm, pulse dura-
tion 30 ns FWHM. The laser spot size was ∼ 3 mm× ∼ 1 mm,
with an energy density of ∼ 5 J/cm2. The target was rotated
during deposition, and was irradiated for 2 minutes at 10 Hz
to clean the target prior to each growth run. The substrate was
a 2.5 cm square of Muscovite Mica (Alpha Aesar), freshly
cleaved in deionized water, mounted 6.5 cm from the target,
and heated to 200 ◦C. The deposition rate was 0.012 nm/shot,
as determined by Rutherford Backscattering Spectrometry
after growth. The laser was operated at 3, 10, and 30 Hz.

Thermally grown films were deposited with a home-built
deposition source consisting of a 0.25 mm Ag foil, 99.999%
pure, irradiated with a W filament located 2 mm behind the
foil. The current in the filament was 7 A, which resulted in
a foil temperature of about 900 ◦C. The deposition rate was
0.24 nm/s on a substrate heated to 200 ◦C.

Films were analyzed with ex situ Atomic Force Mi-
croscopy (AFM) and Scanning Electron Microscopy (SEM)
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to check morphology, and with a 2-point resistance measure-
ment to determine film continuity.

3 Kinetic Monte Carlo simulations

KMC simulations were implemented to identify
the impact of pulsed deposition on the Volmer–Weber mor-
phological progression. The simulation algorithm is based
on code described elsewhere; it features a square lattice,
512 ×512, with irreversible nucleation and attachment of is-
lands. [5] To reproduce the Volmer–Weber film growth geom-
etry, islands are forced to remain hemispherical, with a contact
angle of 90 ◦C. This is accomplished by immediately relo-
cating an impinging atom to the nearest vacant site to the
projected center of mass of the island.

When two islands come into contact, they begin to coa-
lesce. This is accomplished by holding the islands next to each
other for a time given by

τ = R4

B
, (1)

where R is the size of the smaller island and B is an input
parameter that contains materials parameters such as the sur-
face diffusivity and the surface free energy. B has dimensions
of a4/s, where a is the substrate lattice parameter. After the
time for coalescence has elapsed, the islands are replaced with
a new island at the center of mass of the original two-island
system [6].

At each data-taking interval, the average number of con-
stituent islands of a cluster, IC, is obtained. When IC is sig-
nificantly greater than unity, further deposition tends to cause
other islands to impinge with a coalescing cluster in less time
than will be required for the constituent islands to finish coa-
lescing. IC = 2 is the point chosen to demark a transition from
compact hemispherical islands to elongated islands. The later-
ally averaged film thickness at which IC = 2 is defined as the
elongation transition thickness dT [6].

4 Results and discussion

4.1 Effects of varying instantaneous flux at constant
average flux

PLD films grown at 20 Hz were compared with
PVD films grown at the same time-averaged deposition rate,
to ascertain the influence of the instantaneous deposition flux,
at constant time-averaged deposition flux. The results appear
in Fig. 1. As can be seen, the PLD-deposited films exhibit
similar morphologies to the PVD-deposited films. The in-
plane length scale of the features is comparable for the PLD
and PVD films. However, the film thickness at which the com-
parable features are observed is greater for the PLD films.
Additionally, the RMS roughness of the films is comparable
for the PLD films at corresponding points in the morpholog-
ical progression.

This observation contradicts our conclusion from previ-
ous work [7] in which we reported that our PLD-grown films
progressed through the morphological transition more rapidly
than the PVD-grown films of Baski and Fuchs [2] for the
same substrate temperature and average deposition rate. This

FIGURE 1 Comparison of Ag(111)/mica film growth grown in vacuum at
200 ◦C at 0.24±0.03 nm/s by PVD (left column) and PLD (right column).
Scans are 5×5 µm2. Average film thickness (d) and RMS surface roughness
(σ) are shown in nanometers. Progression from elongated islands to channels
to holes is similar, but transitions occur for thinner films in PVD than for PLD

contradiction underscores the importance of drawing conclu-
sions only by making such comparisons in the same deposi-
tion chamber, with the same substrate temperature calibration,
background gas contamination, and substrate preparation pro-
cedure for both methods.

KMC simulations were performed to compare PLD to
PVD fluxes. The simulations, while performed on a smaller
length-scale than the experiments, qualitatively exhibit the
characteristic morphologies in the “kinetic freezing” process.
However, the simulations do not reproduce the experimental
observations. Simulations were performed for pulsed depo-
sition at 10 Hz (pulse duration 10−4s), and continuous de-
position, at a temperature of ED/kBT = 16.6, with ED be-
ing the barrier to diffusion, and kB is Boltzmann’s constant;
B = 500a4/s (a =lattice constant), and average deposition
flux Favg = 0.25 monolayers (ML)/s. The pulsed film has
a higher density of islands, which are smaller than those of
the continuous film. IC, for both cases, increases smoothly and
monotonically with the amount deposited, with the increase
accelerating as the amount deposited increases. The pulsed
film reaches IC = 2 with 2.5 ML of deposition, compared to
the continuously deposited film, which requires 2.9 ML.

Note that the simulations are consistent with the images of
the early stages of deposition (Fig. 1, top row): PLD islands
are initially smaller than thermally grown islands at the same
film thickness. This observation supports our claim that the
conditions of film growth really were the same for both cases,
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and that the results at later times cannot be explained simply
by systematic error.

Because the KMC simulations consider only the tempo-
ral aspects of the deposition flux, the explanation for the
“slower” advancement through the characteristic progression
by the PLD films must lie in the energetic character of the
PLD flux. The kinetic energy has been confirmed by time-
of-flight ion probe measurements, obtained by placing the
exposed tip of a Cu rod, 0.11 cm2 in area, 10 cm from the
target and concentric with the plume center. The probe was
biased to −15 V. The time-of-flight spectra compare favor-
ably with published time-of-flight ion distributions for Ag [8].
Assuming that the incident species are singly charged Ag
monomers, a simple time-of-flight calculation indicates that
the Ag+ ions in the peak of the distribution have a kinetic
energy of 105 eV and the fastest ions have a kinetic energy
of 250 eV.

It is known that metal atoms depositing at these energies
can have several effects, including resputtering, insertion at
step-edges, adatom/vacancy pair creation, and hyperthermal
diffusion [9, 10]. The yields for these mechanisms have been
quantified in MD simulations performed for Cu (111) [9, 11];
these results are also valid for Ag (111) [12]. It has also been
shown that implantation of metal atoms into insulating sub-
strates can occur during PLD deposition [13].

Prior experiments have shown that resputtering is sig-
nificant during PLD [14]. We confirm this result by creat-
ing a substrate holder that can hold 5 substrates, 0.6 mm
in size, at angles of 0◦, 15◦, 30◦, 45◦, 60◦, and 75◦ from
the plume direction. Ag is PLD-deposited onto these sub-
strates, and onto a similar substrate holder where all sub-
strates are held at a 0◦ angle. The thickness is divided by
the number of shots, and this is divided by the deposition
rate obtained for the sample in the same position on the
0◦ substrate to normalize out the effect of the non-uniform
shape of the plume. The data are then fit to Fahler et al.’s
equation

n = n0(cos θ −γ0) , (2)

where n is the observed deposition rate, n0 is the rate at which
material arrives at the substrate, θ is the angle of the sub-
strate with respect to the target normal, and γ0 is the sput-
ter yield at normal incidence. A fit to the data gives n0 =
0.05 Å/shot and γ0 = 0.27. The sputter yield thus determined
for our experiments is lower than the value (γ0 = 0.55) re-
ported by Fahler et al. [14] for comparable fluence but is still
above the value of 0.25 reported for fluence near the ablation
threshold.

Thus, several candidate mechanisms could be involved
in our experiments. Identifying which mechanisms are im-
portant in delaying the onset of percolation is the subject
of ongoing work. For example, the adatom-vacancy cre-
ation mechanism may accelerate the coalescence process.
Because coalescence in this system is surface diffusion-
mediated, a mechanism that creates more surface-mobile
species per incident atom could accelerate the coalescence
process. If this is the case, then PLD films could remain in
the regime where coalescence is efficient relative to growth

for relatively more deposition than corresponding thermal
films.

4.2 Effects of varying average flux at constant
instantaneous flux
The laser pulse rate was varied without varying any

characteristics of the individual pulses. Figure 2a shows AFM
images for the three principal morphological stages at each
of three laser pulse rates. The films grown at 30 Hz advanced
through the characteristic progression at the lowest film thick-
ness, followed by the 10 Hz and 3 Hz films. Furthermore, the
in-plane length scale of the features is smaller at higher pulse
rates. Figure 2b and c show simulated films that have just
reached percolation, both deposited at F = 0.025 ML/pulse.
Figure 2b corresponds to deposition of 100 pulses at 100 Hz,
Fig. 2c corresponds to 176 pulses at 10 Hz. The length scale
and number of shots are lower for the 100 Hz film, which is
consistent with the experimental observation.

Figure 3a (3b) plots the film thickness at percolation (elon-
gation transition) vs. laser pulse rate for experimental (simu-
lated) films. Both show a monotonically decreasing trend that
is fit by a power law. The exponent for the simulated case is

FIGURE 2 a AFM images showing PLD film morphology vs. film thick-
ness and pulse rate. Images are 3 by 3 µm2. Films deposited at a higher pulse
rate advance through the progression with lower transition thickness. b and
c 128×128 regions of simulated films grown at F = 0.025 ML/pulse just
reaching percolation. b 100 pulses, 100 Hz c 176 pulses, 10 Hz
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FIGURE 3 a Thickness at which films conducts electrically vs. pulse rate at 200 ◦C. Open symbols represent films that did not conduct in a simple 2-wire
continuity test; filled symbols correspond to films that did conduct. The blue line represents the best fit to the data; the red line represents the best fit to the
data for frequencies > 10 Hz. b and c Elongation transition thickness vs. pulse frequency from KMC simulations. b ED/kBT = 16.6, for which all island
nucleation and adatom diffusion occurs while the pulse is on. c ED/kBT = 21.1, for which adatom diffusion and nucleation of new islands can occur in
between pulses at low pulse frequency

consistent with the exponent of 1/3 predicted for the elonga-
tion transition in continuous deposition [3, 6]. We tentatively
attribute the consistency to the temperature being sufficiently
high that the adatoms reach islands very quickly after the flux
is turned off, so almost all nucleation and growth occurs while
the pulse is on. Other simulations were performed at a lower
temperature of ED/kBT = 21.1, for which free adatoms per-
sist on the surface until the arrival of the subsequent pulse. For
that case, at least two scaling regimes of transition thickness
vs. pulse frequency are observed, as shown in Fig. 3c. More
experimental work needs to be performed to permit a rigor-
ous comparison of results for the experimental films with the
simulation results.

5 Summary

PLD Ag films on mica grew in the morphological
progression observed in PVD, changing from 3D islands to
elongated islands, and finally to a percolated channel structure
and subsequent hole filling. The PLD films were compared
with films grown by PVD under the same conditions, to ascer-
tain the effect of instantaneous deposition flux. The PLD films
reached comparable morphological stages, but with relatively
more deposited material. These observations disagree with
non-energetic KMC simulations of pulsed deposition, which
predict that the large difference between instantaneous flux
should result in a much higher nucleation density and faster
coalescence for PLD films.

PLD films grown at varying pulse rates were compared.
The films that were grown at a higher pulse rate were more
advanced in morphological state at comparable thickness and
had smaller lateral features. These results were consistent
with non-energetic KMC simulations, which showed that for
elevated temperature, virtually all surface transport happens
during the deposition pulse; thus, the main difference between
pulse rates is the relative amount of time that is allowed for
coalescences to complete before further island growth occurs.

Simulations exhibited power law scaling of the elongation
transition thickness with the laser pulse rate, consistent with
the experimental results for percolation measured by lateral
electrical conductance.

In conclusion, the non-energetic aspects of the PLD depo-
sition flux seem adequate to explain morphological character-
istics of Ag/Mica film growth when comparing sets of PLD
films, but are inadequate to explain results obtained when
comparing PLD with non-energetic techniques like PVD.
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