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Abstract
The nucleation and growth kinetics of Y-stabilized ZrO2 (YSZ) films have
been studied by atomic force microscopy, scanning electron microscopy and
x-ray diffraction. The investigated films are cube-on-cube epitaxially deposited
on annealed (100)InP by pulsed laser deposition (PLD) exhibiting a two-
dimensional growth habit in spite of the large system misfit (≈13% of tensile
strain). Beyond the nucleation regime, the YSZ growth kinetics is analysed
within the frame of the dynamic scaling theory. Such an analysis suggests
the existence of a unique growth mechanism operating during a wide range of
deposition times, i.e., 50–104 s. This mechanism corresponds to the diffusion
ruled by the surface local curvature and limited by the irreversible aggregation
to kinks. On the basis of the achieved results, models accounting for the surface
diffusion enhancement induced by PLD are discussed.

1. Introduction

Surface roughness is a relevant issue in most of the micro- and opto-electronic applications
of thin films, since it controls scattering processes. For instance, in microelectronic devices,
interfacial roughness increases current leakage and reduces carrier mobility through charge
scattering [1]; while in waveguides, the optical loss reduction is limited by the optical scattering
at rough interfaces [2]. Additionally, the surface roughness hampers the integration of further
layers added to the system. Consequently, the understanding of the physical origin of surface
roughness in terms of growth mechanisms gathers nowadays an increasing scientific and
technological interest. Such an interest multiplies in the case of thin films of dielectric oxides
deposited on massive semiconductors, because (i) these oxides are extensively used as buffer
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layers for the integration of YBaCuO and other functional perovskites [3]; and (ii) since
their dielectric constants are higher than those of SiO2 and Si3N4, these materials constitute
promising candidates in the scaling down race for nanoelectronics [4].

The study of the surface roughening induced by film growth is often carried out within the
framework of the dynamic scaling theory (DST) [5, 6]. This theory allows one to describe the
surface evolution by making a comparison of experimental findings with theoretical predictions
supplied by continuous and/or discrete (atomic) models [6]. The surface morphology of a
growing film (growing surface hereafter) is driven by two types of processes: (i) the kinetic
roughening, in which the stochastic fluctuations of the incident flux are redistributed on
the growing surface by stabilizing mechanisms [6]; and (ii) the growth instabilities, which
are related—for instance—to the mass transport limited by edge-step barriers [7], the non-
stochastic incidence of the particle flux (shadowing effect) [8] or to the stress developed
during growth [9], etc. While the kinetic roughening mechanisms relax the film surface
generating a scale-invariant rough morphology,the destabilizing mechanisms induce additional
roughness promoting the development of 3D surface features with mound, pyramidal or
columnar shapes [7–9].

The growing surface, h = h(r, t), is characterized by two representative lengths: its
roughness w ≡ [〈(h − 〈h〉)2〉]1/2 (〈 〉 denotes spatial average on the film plane) and its lateral
correlation length ξ . The scaling approach assumes the roughness of a self-affine (stabilized)
growing surface scales with the deposition time t and the system size L as

w(L, t) = Lα f (t/Lz), (1)

where f (x) = xβ for x � 1 and f (x) → constant otherwise. This implies that the surface
lengths increase with the deposition time, for t � Lz , as w ∼ tβ and ξ ∼ tβ/α = t1/z ;
β, α and 1/z being the growth, roughness and coarsening exponents, respectively. Such
exponents identify the mechanisms operating during the growth [5, 6] based on the fact that
each mechanism originates a characteristic morphological evolution of the growing surface.

In the last decade, an increasing number of works concerning the scaling behaviour of
the growing surfaces of vapour deposited films has been performed [10]. Despite this effort,
very few of these studies are focused on films prepared by pulsed laser deposition (PLD) and
all them have been published in the last six years [11–14]. This fact is surprising since PLD
has been extensively used for the preparation of multicationic oxide films [15] (for example,
note the progress on high-Tc superconductors, ferroelectrics and magnetoresistors [16]).
Furthermore, PLD is especially attractive for the epitaxial growth of dielectric oxides on direct-
gap semiconductors regardless of the large misfit between these materials. Thus, cube-on-cube
heteroepitaxial growths of CeO2/GaAs (with a lattice mismatch of 4.5%) [17], CeO2/InP
(8.5%) [18], YSZ/GaAs (9.5%) [19], YSZ/InP (13.4%) [20] and MgO/GaAs (25.5%) [21]
have been achieved at moderate deposition temperatures (<873 K). The PLD advantage
lies in the fact that the suitable temperatures for the epitaxial growths are somewhat lower
than those required in another vapour deposition technique. This temperature difference is
crucial for integration with direct-gap semiconductors due to the thermal instability of these
substrates [22].

In this paper, we provide new experimental data about the epitaxial growth of Y-stabilized
ZrO2 (YSZ) on InP by PLD, as a prototype of dielectric oxides integrated with direct-gap
semiconductors. The study allows us to identify the operating growth mechanisms and their
influences on the resulting film morphology, paying special attention to the relaxation of the
system misfit stress. In addition to the scaling analysis presented here, some old notions that
pointed to an enhancement of the growth kinetics by PLD are discussed in order to shed light
on the underlying mechanisms and features inherent in this deposition technique.
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2. Experimental procedure

Y-stabilized zirconia (Zr1−x YxO2−x/2, YSZ) films were deposited on sulfur-doped (100)InP by
using a KrF excimer laser (λ = 248 nm, 16 ns pulses, ν = 10 Hz) focused onto a YSZ (x = 0.1)
single crystal target (rotating at 20 rpm) at a laser power density of J = 3 J cm−2. Substrates
were placed opposite to the target at 60 mm,and heated to Ts = 853±5 K during deposition. At
deposition temperature, the nominal system misfit becomes2S0 = (aInP−aYSZ)/aYSZ ≈ 12.9%
(S0 = 13.4% at RT). To avoid InP oxidation, YSZ growth was performed in high vacuum
(PO2 = 8 × 10−7 mbar). The roughness of the as-received (100)InP substrate, 0.64 nm,
is reduced by annealing down to wInP = 0.26 nm. The depositions were performed on
annealed substrates. Details of the deposition procedure including the substrate preparation
have been reported elsewhere [20]. Under these conditions, YSZ films grew epitaxially with a
〈100〉{100}YSZ ‖ 〈100〉{100}InP cube-on-cube orientation at a deposition rate of 0.08 nm s−1

in the whole range of deposition times considered, i.e., 2–104 s. Note that the deposition
conditions required to achieve epitaxial and stoichiometric YSZ films on InP are comprised
within narrow windows of values [20]: (i) oxygen pressures higher than 10−3 mbar produce a
Y-depleted YSZ film; while (ii) deposition temperatures higher than 950 K induce a substrate
surface degradation rendered by the P preferential evaporation and/or In reoxidation [22]. On
the other hand, (iii) YSZ grows crystalline once the thermal desorption of InP native oxide
occurs, which takes place at Ts > 820 K in PO2 = 10−5 mbar. The thickness of the films
was measured with a Talysurf-50 profilometer and tested by cross-section scanning electron
microscopy in cleaved samples.

The film morphology was analysed by scanning electron microscopy (SEM) at very early
growth stages and by atomic force microscopy (AFM) in thicker films. The top-view SEM
images were taken by means of an ICI DS-130C high-resolution microscope operating at 10 kV.
For each sample several AFM images, with sizes ranging from 0.2×0.2 to 10×10 µm2, were
scanned at different sample areas using a Nanoscope IIIa equipment operating in tapping mode
with silicon tips (nominal radius ≈ 10 nm). The root mean square surface roughness wrms was
calculated from the largest surface area. The power spectral density curves PSD(k), defined
as the square of the 2D Fourier transform coefficients of the digitized surface, were provided
by the AFM software. The lateral correlation length ξ was calculated from the crossover
(kc = 1/ξ) to the saturation of PSD(k) curves. The lattice parameters and crystallinity quality
of the films were investigated by x-ray diffraction using a D-500 Siemens diffractometer (with
Cu Kα radiation) operating in θ–2θ and rocking curve mode.

3. Results

Figure 1 shows a very early stage of YSZ growth. The annealed (100)InP surface appears
decorated by gestation YSZ nuclei, which exhibit a cubic symmetry. Such symmetry is in
agreement with the cube-on-cube epitaxial relationship found in thicker films [20]. As the
deposition progresses and the nuclei coalesce, a singular morphology emerges, as revealed by
figure 2. The 0.8 nm thick YSZ film (t = 10 s) exhibits a surface patterned by an orthogonal
network (like a square grid) of grooves spreading along the [110]InP and [1̄10]InP directions.
These grooves, with an average width of 10 nm, isolate surface crystalline areas in a two-
dimensional array. As displayed by two typical surface profiles in figures 2(a) and (b), the
groove spacing along the spreading directions is around 30–35 nm. The grooves cover ≈40%
of the film surface. The cubic symmetry of the surface crystalline areas suggests that the

2 Estimated thermal expansion coefficients at RT: αInP = 4.5 × 10−6 K−1 and αYSZ = 11.4 × 10−6 K−1.
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Figure 1. Top-view SEM image of a very early stage (nucleation) of the YSZ growth (t = 2 s,
coverage ≈ 0.6 monolayer).

Figure 2. AFM image of the 0.8 nm thick YSZ film (t = 10 s). Surface profiles along the [110]InP
(a) and [1̄10]InP (b) directions.

groove network corresponds to a relaxation mechanism of the system misfit stress connected
to the brittle behaviour of YSZ at the deposition temperature used here [23]. This could
indicate that the misfit dislocations taking place inside the crystalline areas are insufficient to
relieve the system misfit stress. Such dislocations should be spaced less than 5 nm to give
rise to a fully relaxed YSZ film. However, for so-high dislocation densities (>1012 cm−2,
such that the dislocation spacing is of the order of the strained layer thickness), interactions
between dislocations become operative, promoting the appearance of new kinetic barriers to
the dislocation nucleation [24]. The existence of crystalline areas separated by disordered
regions has been previously observed by Bardal et al [25] in YSZ films epitaxially grown
on SiOx /(100)Si (S0 ≈ 5%) by transmission electron microscopy (TEM). The fact that these
regions, which have been identified in our case as grooves, are periodically distributed for
systems with larger mismatches such as YSZ/InP constitutes a new experimental evidence.
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Figure 3. Evolution of the in-plane YSZ parameter (left axis, �) and the full width at half maximum
of 200 YSZ rocking curves showed in the inset (right axis, •) with the deposition time. The curves
provide visual help. Inset: the symbols correspond to 300 s (�), 600 s (+), 1500 s (◦), 3000 s (⊕),
7200 s (×) and 10 000 s (�).

The lattice parameters of thicker-than-8 nm YSZ films (t > 100 s) have been obtained from
002 YSZ and 113 YSZ x-ray diffractions by using the relationship between Miller indices and
the lattice parameters for a tetragonally-distorted cell (a = b �= c). The thickness evolution
of the in-plane parameter (a‖) is displayed in figure 3 (open square). a‖ decreases as the
film thickness increases, revealing a progressive relaxation of the system misfit stress (tensile
strain), which includes a thermal contribution imposed upon cooldown to RT. Thus, after a
thickness of h1 = 10 nm 95% [S(h1)/S0 ≈ 5%] of the system misfit stress has been plastically
relaxed by means of dislocations and grooves, and after h2 = 120 nm, the film is stress-free
[S(h2)/S0 < 1%]. By assuming that new grooves are not originated after 10 nm, the thinnest
limit of critical thickness (hc) for the nucleation of misfit dislocation can be computed as
hc � [S(h2) − S(h1)] × [S0(1/h2 − 1/h1)]−1 ≈ 0.5 nm. Such estimation supports the
above-provided hypothesis that points to the fact that the surface crystalline areas are not
dislocation-free. A qualitatively similar behaviour to that shown here has been reported by
Bardal et al [25] for thinner thicknesses such that the there-studied films were not fully relaxed.
As the stress relaxation takes place the crystalline quality of the YSZ film, which is evaluated
from the full width at half maximum ω-fwhm (figure 3, closed circles) of the 002 YSZ rocking
curves (figure 3 inset), is progressively improved.

Once the system misfit stress is mostly relaxed (for t > 100 s), the YSZ growth kinetics
is investigated according to DST as follows. Due to the extreme smoothness of the deposited
films, especially for the shortest deposition times, it is necessary to remove the substrate
contribution to the system roughness wrms [26] in order to analyse properly the scaling
behaviour of the YSZ film roughness. Figure 4 displays the temporal evolution of the corrected

roughness wf =
√

w2
rms − w2

InP (wInP = 0.26 nm). The YSZ surface roughness increases

with the deposition time according to wf ∝ t (β=0.22±0.04) . The so-obtained growth exponent
(β < 0.5) suggests the presence of a stabilizing mechanism relaxing the growing surface
laterally [6]. Note that this scaling behaviour is observed for deposition times spanning more
than two decades.

The PSD curves of the films grown at different deposition times are shown in figure 5
together with those corresponding to as-received and annealed substrate. The difference
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Figure 4. Logarithmic plot of the surface roughness, wf , versus deposition time for YSZ films
grown on annealed (100)InP. The solid line with slope β corresponds to the best fit of the
experimental data for t � 60 s.

between the substrate curves for high k values (k > 2 × 10−2 nm−1) points to a short-
range smoothing effect (<50 nm) induced by the annealing upon the substrate surface. The
film PSD curves show three regions, sorted according to the length scale within the real
space: (i) region characterized by a linear log(PSD) versus log(k) dependence for high k values,
indicating a strong surface correlation; (ii) saturation region for intermediate k, suggesting that
the surface is uncorrelated at these lengths; and (iii) region where film PSD curves reproduce
the behaviour of the substrate ones (low k). In the first region, the film PSD curves overlap,
exhibiting a common slope m ≈ −4, which implies a value of the roughness exponent α ≈ 1
by taking into account that PSD curves of an nD system (here n = 2) scales with the spatial
frequency k as [27]

PSD(k, t) ∝ k−n(1+α) f (kzt), (2)

such that for a correlated surface (with t � k−z), f (kzt) = constant ⇒ PSD(k) ∝
k[m=−2(1+α)]. The curve overlap in the first region suggests the presence of a single growth
mechanism operating in the analysed range of deposition times. Such a mechanism would give
rise to a linear increase of the saturated roughness of the YSZ films as the area size inspected
by AFM increases (i.e., w = Lα = L). A crossover (kc) separates the first and second region,
while the intersections between the film PSD curves and those of the substrate isolate the
second region from the third one. The overlap of the PSD curves within the third region
indicates that at larger length scale (>500 nm) the film roughness behaviour is determined by
substrate surface features. This fact suggests that the revealed growth mechanism operates at
shorter lengths.

Figure 6 displays the temporal evolution of the correlation length defined as ξ = 1/kc.
ξ spreads with the deposition time following the scaling expression ξ ∝ t (1/z=0.26±0.02) . The
coarsening and film surface roughening as the deposition time increases can be qualitatively
observed in the AFM images included in figure 6, which correspond to YSZ films deposited
during 60 s (inset (a)) and 7200 s (inset (b)).

The scaling coefficients (β ≈ 0.22, α ≈ 1 and 1/z ≈ 0.26) achieved from the previous
analysis agree reasonably with those predicted (β = 0.25, α = 1 and 1/z = 0.25) by DST
for a not very rough growing surface (i.e., |∇h| � 1) evolving under a surface diffusion
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Figure 5. PSD(k) curves of YSZ films grown on annealed (100)InP. The symbols correspond to
as-received (solid curve) and prepared substrate (•), 2 s (�), 10 s (∗), 60 s (♦), 120 s (�), 300 s
(�), 600 s (+), 1500 s (◦), 3000 s (⊕), 7200 s (×) and 10 000 s (�). The straight line indicates the
slope corresponding to α = 1. The crossover kc of the longest deposition time curve is marked.

Figure 6. Logarithmic plot of the correlation length, ξ , versus deposition time for YSZ films grown
on annealed (100)InP. The solid line with slope 1/z corresponds to the best fit of the experimental
data for t � 60 s. The insets show AFM images of YSZ films grown at different deposition times:
(a) 60 s and (b) 7200 s. The vertical bars indicate 20 nm and the scanned area was 1 × 1 µm2.

mechanism [28]. Such a diffusion mechanism is ruled by the surface local curvature [29]
(∝−∇4h) rather than the surface strain field [9] (∝∇2{S[h(r)]}2), which suggests that the
determined correlation lengths are shorter than the crossovers3 to growth regimes controlled
by the misfit strain. In particular, the scaling coefficients obtained here correspond to

3 The crossover to the stress-controlled growth regime can be estimated as ∼(πγ /M)[S(h)]−2, γ being the
surface energy of the stressed YSZ film and M its elastic modulus defined for a cube-on-cube epitaxial film as
M = C11 + C12 − 2C2

12/C11 (where C11 and C12 are components of the elastic stiffness matrix). More details are
given in [9].
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a low-temperature diffusion limited by the irreversible aggregation to the nearest kinks,
which operates within a spatial range where the nonconservative white noise related to
random fluctuations of the incident flux prevails [28]. Summarizing, this mechanism would
stabilize/relax the growing surface in its dependence on its local curvature by redistributing
laterally the stochastic fluctuations of the incident flux at short range [6, 28, 29].

4. Discussion

As pointed out in the previous section, the YSZ scaling behaviour once the misfit stress has
been mostly released suggests the existence of a unique growth/scaling regime (spanning
a wide range of deposition times) governed by the short-range relaxation of the growing
surface through an aggregation-limited diffusion mechanism [28]. This behaviour reveals
the predominance of a stabilized 2D Frank–van der Merwe (layer-by-layer) growth mode
over 3D growth processes, which is in agreement with the extremely low roughness of the
deposited films (e.g., w = 1.2 nm in a 800 nm thick film, which implies w < 0.2% of
the film thickness) and the absence of defined surface structures such as grains or column
boundaries. The stress relaxation has a crucial influence on the observed growth mode since
the equilibrium theories for misfit dislocations [30] predict an upper limit of S0 = 7–8%, which
is lower than the YSZ/InP nominal misfit, for the prevalence regime of a layer-by-layer growth.
The obtained roughnesses are lower than those found in sputtered ZrO2 films (w > 0.8% of
film thickness [31]) and those reported for LiNbO3 and KNbO3 oxides grown by MOCVD
(typically w ≈ 1% [2]). It should be stressed that the identified diffusion mechanism operates
at a deposition to melting temperature ratio as low as Ts/Tm ≈ 0.29, which corresponds—as
predicted by the structure zone model (SZM) [32]—to a regime of diffusion limited by kinetic
barriers (probably characterized by 3D growth mode). The key role played by the surface
diffusion on the growth of dielectric oxides on semiconductor substrates has been previously
observed in the MgO/Si and MgO/GaAs systems [33]. However, the there-reported tendency
of MgO to grow with a 3D habit, as expected from SZM (Ts/Tm ≈ 0.25), suggests the
prevalence of kinetic barriers on the growth mode. Such barriers would be likely connected to
the deposition technique used (i.e., aerosol-assisted chemical vapour deposition [33]).

If the correlation lengths are interpreted as average diffusion lengths and the completion
time of one monolayer (τ ≈ 3 s) is taken—in reasonable assumption—as the longest limit of
the diffusing species lifetime, a diffusion coefficient Ds = ξ2/τ > 2.4×10−10 cm2 s−1 for the
800 nm thick film can be estimated. Such an estimation agrees with the values found in other
oxides deposited by PLD (∼10−10–10−11 cm2 s−1) [34, 35]. This diffusion coefficient, that is
still lower than those of metals [36] (∼10−3–10−6 cm2 s−1) and semiconductors [37] (∼10−7–
10−14 cm2 s−1) for similar Ts/Tm ratios, is larger than those obtained in oxides deposited by
sputtering and co-evaporation (∼10−13 cm2 s−1) [35, 38]. Then, on the basis of the estimated
diffusion coefficient and the previously-reported results [39], it can be concluded that the
PLD process enhances the growth kinetics of oxide films in comparison with other energetic
(e.g., sputtering) or thermal (e.g., evaporation) deposition techniques. These evidences would
confirm old notions that pointed to optimal deposition temperatures in PLD somewhat lower
than those required by other techniques.

Several models related to the peculiarities of the PLD technique are proposed within
the frame of the far-from-equilibrium growth to elucidate the physical origin of the diffusion
enhancement. In this context, the outstanding features of PLD are [40]: (i) the pulsed nature of
the deposition process having several time constants (e.g., period between pulses (1/ν), pulse
width, diffusing specie lifetimes, etc); (ii) the plasma characteristics, i.e., its high ionization
degree (up to 70%), supersaturation of energetic particles (∼1–102 eV) and reactivity in the
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presence of oxygen; (and iii) the plasma-growing surface interaction. An overview of some
proposed models is provided below.

(a) Based on the high energies of the ablated light particles (‘hot particles’), many
works [11, 35, 39] point to a transient mobility of the incident species as the mechanism
that accounts for the diffusion enhancement. Hence, the energetic species diffuse over
large distances before transferring their excess of kinetic energy to the growing surface.
The relaxation path (or thermalization path) would depend on kinetic energy of the incident
species as well as on the energy dissipation rate on the growing surface, which is connected
to the ability to form bonds mediated by the coupling to the film phonons [41]. In any case,
the energy dissipation rates for atomic and molecular species (reactive species) are large
enough (∼ps−1 [42]) to reduce the thermalization path to some atomic positions around the
landing site [43]. Consequently, it is unrealistic to attribute diffusion lengths of hundreds
of nanometres on the highly-corrugated surface (with diffusion barriers ∼1.0 eV) of an
oxide to a transient mobility mechanism.

(b) Other less extended models support the idea of a diffusion enhancement on a growing
surface subjected to a concurrent bombardment by plasma due to the periodic transfer
of kinetic energy to diffusing species [44]. The energy so gained by the diffusing
species is progressively transferred to the growing surface along their thermalization
paths. Unlike the sputtering, such a transfer would be effective for mobile species with
lifetimes longer than 1/ν. As a result of the periodic nature of this process, a resonant
diffusion enhancement under certain deposition conditions—in which the period between
pulses matches with the relaxation times of the mobile species—can be expected. Similar
resonant phenomena have been previously observed for growths from pulsed fluxes [45].

(c) A third option lies on the diffusion controlled by ‘non-reactive’ species (i.e., clusters
and droplets [12, 46]) weakly bonded to the film surface. Most of them are gestated on
the growing surface during the pulse arrival (∼µs) due to the plasma supersaturation—as
predicted by the classical nucleation theory; see for instance [14, 47]. The kinetics of such
clusters would be mainly controlled by the diffusion and the aggregation/dissociation of the
smaller species, taking into account that the dissociation rate decreases as the cluster size
increases. Another fact to bear in mind is that a decrease of the energy dissipation rate (i.e.,
larger thermalization paths) for energetic clusters can be expected since the interactions
with the growing surface are weakened by the cluster inner bonds [48]. Both pieces
of information would point to a diffusion enhancement controlled by the thermalization
path of moderate-sized clusters, i.e., large enough to be stable and small enough to be
mobile [46]. Note that the massive formation of these energetic clusters on the growing
surface (without surface erosion phenomena) is exclusive of PLD because the pulsed
nature of the ablation process promotes the quasi-instantaneous cluster nucleation from
the supersaturated plasma [14, 47].

Finally, because of the close interrelationship between deposition conditions and plasma
characteristics, it is arduous to isolate the influence of the proposed mechanisms by different
models on the growth kinetics of the pulsed laser deposited systems. For instance, as the laser
energy density increases or the wavelength decreases the supersaturation, the ionization degree
and the energy density of the plasma increase concurrently. Thus, a decrease of the surface
roughness of Ni and Ti films [49] (YBCO films [50]) has been observed as the laser energy
density (laser wavelength) increases (decreases). So, in spite of the proposed mechanisms
and points of view argued in this work and others, the nature of the diffusion enhancement
induced by PLD, which is responsible for the extremely low roughness observed in several 2D
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grown films, continues being a scientific challenge to be clarified. In this sense, new theoretical
interpretations as well as TEM investigations are required.

5. Conclusion

In conclusion, the pulsed laser deposition technique can enhance the growth kinetics of
Y-stabilized zirconia producing exceptionally smooth and epitaxial films on InP at relatively
low temperatures. This stabilized behaviour takes place once the large system misfit stress is
mostly released by dislocations and groove nucleation and it is ruled by short-range relaxation
of the growing surface via an aggregation-limited diffusion mechanism. Such a mechanism is
probably connected to plasma characteristics inherent in the pulsed laser deposition technique.
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