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Abstract. The microstructure and morphology of 100/001-oriented La modified-PbTiOs (PLT) films grown
by pulsed laser deposition have been analyzed and elucidated within the framework of morphology evolution
models, such as the Dynamic Scaling Theory and Structure Zone Model. The experimental results were
obtained from X-ray diffraction, atomic force microscopy and cross-section scanning electron microscopy.
PLT grows with a compact columnar microstructure. The columns are formed by coherently grouped
grains and show oblique walls and rounded tops. Connecting the experimental results with the morphology
evolution models, the growth mechanisms involved in the deposition process were identified. While inside
each column, the existing Pb vacancies govern the coarsening and coalescence of the grains, a non-local
effect of geometric shadowing of the incident particle flux during growth controls competition between
columns and their coarsening.

PACS. 68.55.-a Thin film structure and morphology — 81.15.Fg Laser deposition — 77.84.Dy Niobates,

titanates, tantalates, PZT ceramics, etc.

1 Introduction

The properties of a thin solid film are closely linked to
its microstructure and especially to its morphology and
surface roughness through, for instance, scattering [1] and
relaxation processes [2]. Generally, these features are de-
termined by the atomic mechanisms operating during the
film growth. The knowledge of such mechanisms has mo-
tivated a large amount of studies during the last years.
In particular, a great effort has been focused on the scal-
ing studies of the morphological evolution of films grown
from vapor deposition techniques [3] within the frame of
the Dynamic Scaling Theory (DST) [4,5].

During film growth, the evolving surface is statistically
characterized by two lengths: the interface width w (or
root mean square surface roughness), and a lateral corre-
lation length, &, associated with the horizontal cutoff to
scaling. The theory assumes that these lengths increase
with the deposition time as: w ~ t° and & ~ /@ = t1/z
being 3, a and 1/z the growth, roughness and coarsen-
ing exponents, respectively. Furthermore, a defined set of
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exponents is predicted for each isolated mechanism. The
theoretical predictions provided by different numerical
and analytical models identify the mechanisms based on
the fact that each one originates a characteristic morpho-
logical evolution of the growing surface [5]. However, the
scaling approach presents severe limitations to separate
mechanisms that operate at similar spatial scales as well
as to reproduce the evolution of a non self-affine surface.

At the same time, other models, more phenomeno-
logical, have been extensively applied to predict the mi-
crostructure of the vapor-deposited films. This is the case
of the Structure Zone Model (SZM) [6,7], which sug-
gests that the developed microstructure is a universal
function of the ratio between the deposition and melt-
ing temperatures (Ts/T,,). The SZM model explains the
morphological evolution as the result of the competition
between the non-local shadowing effect and the surface
relaxation mechanisms, such as diffusion and surface ten-
sion. Since these latter mechanisms are thermally acti-
vated, the T, /T, ratio defines the magnitude of the sur-
face relaxation capacity. Depending on the T,/T,, ratio
value, three microstructure zones are defined [6,7]: zone I
(Ts/Tm < 0.24—0.3), characterized by tapered columns
with domed tops separated by a high density of pores or
voids; zone 1T (T, /T, < 0.5—0.55), described as a regular
arrangement of uniform columns exhibiting smooth tops
and diameters slightly smaller than the film thickness;
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and zone I (Ts/T,, > 0.5—0.55), formed by equiaxed
grains. The SZM model has been partially modified to in-
clude the influence of the deposition pressure PO, besides
Ts /T, on the resulting microstructure of films deposited
in gaseous atmospheres [8].

Despite the extensive effort devoted to identify the
atomic growth mechanisms operating in metallic and
semiconductor systems, very few studies concerning the
multicationic oxide growth are available [9,10]. This fact is
surprising taking into account the increasing technological
interest gathered by some of these oxides, for instance the
high-T, superconductors [11], ferroelectrics [12] and colos-
sal magnetoresistors [13]. Especially, the number of scaling
studies about oxides with high-volatile elements, among
which stands out modified-PbTiOg3 [10], is still more re-
duced. La-modified PbTiO3 (Pbi_3/2,00;/2La,TiO3 =
PLT) is particularly attractive because its piezoelectric,
ferroelectric and optical properties are easily tunable
through the included La proportion (x), which determines
the tetragonality (c¢/a) of its crystalline structure [14,15].
x can be chosen in order to improve the functional proper-
ties required for a specific application. Thus, for z = 0.15 a
large piezoelectric coefficient (ds3 = 82.8 pm/V) has been
found [16], while at = ~ 0.1 the pyroelectric properties [17]
and the optical losses [18] are optimized. This makes
PLT suitable for several applications such as: electro-optic
material for surface acoustic wave devices and waveg-
uides [19], pyroelectric detector [20], or capacitor and fer-
roelectric medium for the non-volatile memory implemen-
tation [21]. Finally, the PLT integration with direct-gap
semiconductors, which are used for the implementation of
optoelectronic monolithic circuits (OIC), is particularly
relevant as it constitutes an effective way to incorporate
the acoustic-optic interactions to OIC for optical signal
processing [22].

The main goal of this work is to identify the growth
mechanisms operating during the pulsed laser deposi-
tion (PLD) of La-modified PbTiO3 through the study
of the morphology and microstructure evolution of films
grown under different deposition conditions. PLD has
been shown to be a technique especially suitable for the
stoichiometric deposition of multicationic oxide films [23],
since the laser ablation of the target produces a congruent
evaporation of the constitutive elements. The grown films
were studied by Scanning electron microscopy (SEM),
Atomic force microscopy (AFM) and §—26 X-ray diffrac-
tion (XRD). The analysis of the microstructure has been
performed within the framework of morphology evolution
models (DST and SZM).

2 Experimental

PLT films with different La compositions (z = 0.08, 0.15
and 0.20) were deposited by PLD using a KrF excimer
Laser emitting 16 ns pulses at 248 nm with a frequency
of 10 Hz. The focused laser beam impacted at 45° into
a reduced area (2 mm?) of the rotating target surface
(at 20 rpm) with an energy density of 4 J/cm?. The
ceramic PLT targets were prepared by solid-state reac-
tion of PbO/Lag03/TisO3 powder mixtures, 10% weight-

enriched in PbO with respect to the nominal target for-
mula in order to avoid Pb losses. The deposition was
made in a high vacuum chamber with a base pressure of
8 x 1077 mbar. During deposition, high purity molecu-
lar oxygen (99.999%) was introduced to reach a dynamic
pressure, POs, in the range of 0.05—0.20 mbar. Different
pulsed laser deposited films on (100)InP [24] (e.g. cube-
on-cube epitaxed (100)YSZ, 111-textured CeOz and 100-
textured SrTiOs) were employed as buffer layers. These
buffer layers are commonly required to overcome several
technological drawbacks concerning PLT /InP integration:
a) The high PLT/InP lattice mismatch (= 34%) hindering
the PLT cube orientation. b) The rather extreme deposi-
tion conditions of PLT (POy > 10! mbar and substrate
temperature Ts > 600 °C) [25] inducing InP surface degra-
dation rendered by the P preferential evaporation [26] and
the In reoxidation [27]. ¢) Metallic cations such as Pb dif-
fusing into the semiconductor [28]. The buffer/InP sub-
strates were placed opposite to the target at a distance of
60 mm and heated in the 823—973 K range. Changes in
the morphology of PLT films due to deposition on differ-
ent buffers were negligible compared to major modifica-
tions induced by variations of the deposition conditions.
This suggests that the mechanisms that operate during
the growth of this perovskite oxide are not significantly
influenced by the buffer layers. Afterwards, data of PLT
deposited on several buffers have been indistinctly used to
perform this analysis. The average growth rate was in the
range of 0.11—-0.18 A /pulse.

The film morphologies were characterized by AFM
using a homemade setup operating in contact mode.
V-shaped SizN4 sharpened cantilevers with a radius of
100 A and a nominal force constant of 0.5 N/m were used.
For each sample, several AFM images with sizes ranging
from 0.2 x 0.2 pum? to 10 x 10 um? were taken at dif-
ferent sample zones. The root mean square roughness, w,
was determined from the images with largest surface area.
The power spectral density curves, PSD(k), calculated as
the square of the 2D Fourier transform coefficients of the
digitized surface, was provided by the AFM software. Af-
terwards, £ was estimated from the crossover (k. = 1/¢) of
the PSD(k). The crystallinity and orientation of the PLT
films were studied by XRD using a D-500 Siemens diffrac-
tometer operating in §—26 mode with Cu K, radiation.
The film microstructure was inspected by SEM in cleaved
samples. The cross-section images were taken by means of
an ICI DS-130C high scanning electron microscope oper-
ating at 20 kV. The film thicknesses were measured with
a Talysurf-50 profilometer and tested by the cross-section
SEM.

3 Results and discussion
3.1 Microstructure

Figure 1a shows a cross-section SEM image of an 800 nm
thick PLT film (2 = 0.08) deposited on CeOz/InP. While,
the CeO9 buffer film appears as a compact film without
special features, the PLT film shows a compact columnar
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Fig. 1. a) Cross-section SEM micrograph of PLT/CeOz/InP taken at 20 kV. The 800 nm thick PLT (z = 0.08) film was
deposited at Ts = 923 K in POz = 0.1 mbar on a 200 nm thick CeOs buffer layer. b) Higher resolution details of a single column

in PTL(0.08)/YSZ/InP.

growth habit. The columnar growth habit of modified-
PbTiO3 has been previously observed [29] and related
to films with preferred oriented grains and good electri-
cal properties [30]. The columns, which extend through
the entire film thickness, present round and smooth tops
and laterally compete so that their diameter is enlarged
(oblique walls) eliminating void networks [31]. Figure 1b
shows how coherent grains are piled up to form the
columns.

The PLT microstructure can be clearly described un-
der the SZM model predictions [7] according to a regime
of columnar uniform morphology ascribed to zone II,
although our experimental T,/T,, ratios (Ts/T, =
0.51—0.60) correspond to the lowest limits for the appear-
ance of a zone III morphology characterized by equiaxed
grains. Such a microstructure reveals the existence of ki-
netic limitations beyond those imposed by the substrate
temperature, which are likely to be connected to the ki-
netic energy losses of the incident particles during their
collision with the deposition atmosphere. It has been sug-
gested [7] that the development of a columnar compact
microstructure is characterized by the formation of larger
and uniform grains separated by more and more mobile
boundaries as the film thickness increases. This results in
a significant enhancement of the coarsening and coales-
cence of the grains, which improve the film crystallinity.
The grain enlargement at increasing distances from the
substrate surface can be verified in Figure 1b.

The columnar coarsening is mainly controlled by the
grain coarsening, although some seldom evidences of col-
umn coalescence are observed. The column diameter (d)
dependence on the deposition time (¢), shown in Fig-
ure 2, was estimated by statistical studies from the cross-
section SEM micrographs. The average columnar diameter
evolves according to a power law relation, d ~ t'/%. The
coarsening exponents were obtained for PLT (x = 0.08)
films grown on two different buffer layers: YSZ and CeOs.
In both cases, the deduced exponents 1/z (0.37 4 0.07 for
PLT/YSZ and 0.31£0.08 for PLT/CeQ3) agree with those
theoretically predicted for the morphological evolution of
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Fig. 2. Logarithmic plot of the columnar coarsening in PLT
(z = 0.08) films deposited at Ts = 923 K in PO = 0.1 mbar
on Y-stabilized ZrO2/InP (2) and CeOgz/InP (o).

a growing surface destabilized by a non-local geometric
shadowing effect (1/z ~ 0.33) [32].

Then, based on the SZM model, the developed mi-
crostructure appears as a result of the competition be-
tween two kinds of mechanisms: a non-local shadowing
effect that destabilizes the growing surface, inducing the
growth of 3D features (columns) and a local surface relax-
ation by the diffusion and/or evaporation/condensation
(see below) which promotes the coarsening and grain coa-
lescence. Neglecting any possible modification of the tar-
get morphology during the ablation process, the physical
origin of the shadowing effects in PLD should be addressed
to the interactions of the ablation plume with the depo-
sition atmosphere [33]. The deposition gaseous pressure
affects the angular distribution of the incident particles
in two ways: 1) by spatial confining of the plume promot-
ing the collision between the ablated species, and ii) by
direct collision with the oxygen molecules. Therefore, the
high oxygen pressures broaden the angular distribution of
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the incident particles originating a non-perpendicular in-
cidence on the growing surface. As a result of the com-
petition between surface features, the most prominent
structures would shadow those located at more depressed
surface regions and then, grow at a higher rate.

3.2 Growth spatial regimes

To separate the spatial scales in which each one of the
involved mechanisms operates, the PSDs(k) of the AFM
images have been calculated and radially averaged by as-
suming an isotropic growing surface. Since in spite of the
anisotropy of the local surface features, these appear ran-
domly orientated and distributed over the surface (see be-
low). According to the DST [34], for a L-sized system,
PSD(k) scales with growth time, ¢, and spatial frequency,
k, as:
PSD(k,t) o< k= (P29 f(k=¢),

such that for z > 1, f(xr) = const. and PSD(k,t)
k—(P+22) The dimension of the system is D = 2, and «
is the roughness coefficient, representing the logarithmic
spatial increase rate of the system saturated roughness:
Weaqr X L.

The roughness coefficients corresponding to surface
stabilization mechanisms have been predicted by sev-
eral continuous and discrete 2D models. Thus, a =
0 has been ascribed to surface relaxation by evapora-
tion/condensation [5] (surface tension); oo = 0.66, to the
relaxation by diffusion controlled by adsorption at kink
sites [35] (including diffusion between kink sites); o = 1,
to relaxation by diffusion limited by the aggregation [36]
(with irreversible kink absorption); and o = 1.5 has been
connected to relaxation by diffusion in faceted growth [37].

The calculated PSDs(k) for PLT films of different
La compositions deposited under several conditions are
shown in Figure 3. Straight lines corresponding to a = 1
and a = 0 are also depicted to guide the regimes identi-
fication. In each curve, three regions can be separated by
two crossovers, which are identified as the average grain
size (§; ~ 50—120 nm) and the average column diame-
ter (£, = 300—500 nm) respectively. The first regime with
slope of ~—4 (a & 1) reveals that the surface is laterally
correlated by an atomic diffusion mechanism that oper-
ates at intragranular scale (lengths < ;). This diffusion
mechanism may drive the grain boundary migration and
the grain coalescence in the columnar tops as well as in-
side the columns. In the second regime, a slope of ~—2
(o & 0) points to a surface relaxation through an evapora-
tion/condensation mechanism operating at intracolumnar
scale (¢, < lengths < ). This mechanism is controlled
by the thermal reevaporation of the most volatile species
(i.e. atomic Pb) that takes place during the growth and
postdeposition annealing [38] promoted by the high sub-
strate temperature and/or low oxygen pressure [25]. The
presence of this mechanism suggests that the Pb losses
by reevaporation occur in the highest positions of the
growing surface, inhibiting the further growth in these
sites. This fact is likely to be related to the difference in
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Fig. 3. PSD(k) curves calculated from AFM images of 500 nm
thick PLT films grown under several deposition parameters.
a) Samples with different La compositions; z = 0.08 (+), x =
0.15 (o) and =z = 0.20 (») deposited on CeOz/InP at T, =
923 K in POz = 0.1 mbar. b) Samples with a La composition of
z = 0.15 deposited on YSZ/InP in PO> = 0.1 mbar at different
temperatures; Ts = 823 K (v), Ts = 873 K (+), T, = 923 K
(o) and Ts =973 K (»). ¢) Samples with a La composition of
x = 0.08 deposited on SrTiOs/InP at T, = 923 K in different
oxygen pressures; PO; = 0.05 mbar (+), PO2 = 0.1 mbar
(o) and POz = 0.2 mbar (2). The curves of series b and ¢
have been shifted down, normalizing them by 10* and 10%,
respectively. Straight lines corresponding to « = 1 and o = 0
are depicted.

growth rate and thermal stability between PLT stoichio-
metric and non-stoichiometric phases. In the third regime
(slope = 0), the growing surface is laterally uncorrelated,
therefore the PSD(k) scaling ceases to be valid and the
roughness coefficient is undefined. This regime is governed
by a destabilizing mechanism operating at intercolumnar
scale (£, < lengths). In agreement with the experimen-
tal data provided by SEM and described in the previous
section, we can conclude that the mechanism operating
in the third regime corresponds to a non-local shadow-
ing effect [33]. Then, the PSD(k) analysis carried out in
generic PLT films confirms experimentally the SZM model
predictions.
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Fig. 4. 100/001 PLT X-ray peaks (left) and AFM images
(right) of 500 nm thick PLT films with different La compo-
sitions; a) and d) z = 0.08, b) and e) z = 0.15, and d) and
f) © = 0.20; deposited on SrTiOs/InP at T, = 923 K in
PO; = 0.1 mbar. The unit-cell tetragonalities (c/a) are cal-
culated from the 100/001 PLT deconvolutions also included
in the graphs a), b) and ¢). The AFM images correspond to
1 x 1 pm? scanned areas.

3.3 Nanostructure

All the studied PLT films present a [001/100] preferential
orientation independently of the used buffer layer. Within
the angular range of 26 = 20°—80°, XRD spectra exhibit
the PLT 100/001 peak, their harmonics and very slight
reminiscences of PLT [110] misorientation. A relevant re-
gion of XRD spectra, 20 = 21.2°—-23.2°, is shown in Fig-
ures 4a—c. The asymmetry of the PLT 100/001 peaks is
due to the coexistence of two domains: an a-oriented do-
main responsible for the 100 diffraction, and a c-oriented
001 domain. The deconvolutions of the 100/001 PLT peaks
in the two pseudo-Voight contributions for PLT films
of different La compositions are shown in Figures 4a—
c. The film unit-cell tetragonality (c/a) increases as the
La concentration decreases (c/a = 1.007 for x = 0.20,
¢/a = 1.014 for x = 0.15 and ¢/a = 1.018 for z = 0.08)
in agreement with the study made on ceramic PLT sam-
ples [14] (namely: ¢/a = 1.013 for = 0.20, ¢/a = 1.020
for x = 0.15 and ¢/a = 1.030 for = 0.08). The obtained
values in our films are somewhat lower due to the stress
induced in the PLT /buffer interface.

Figures 4d—f display an AFM image series of the PLT
surface for increasing La concentration. These surfaces
correspond to the column tops and exhibit smooth struc-
tures formed by groups of coherent grains. The surface
roughness values are about 3—5% of the film thickness. As

a

" 3

Fig. 5. AFM image magnifications: a) 190 x 190 nm? of the
surface of 500 nm thick PLT(0.08)/SrTiOs/InP deposited at
T, = 923 K in PO2 = 0.1 mbar, and b) 300 nm thick 350 x
350 nm? of the surface of PLT(0.15)/Y-stabilized ZrOz/InP
deposited at Ts = 923 K in PO2 = 0.1 mbar. Arrows point out
the coalescence directions.

deduced above, at these spatial scales the diffusion mech-
anism rules the formation, coarsening and coalescence of
the grains. Figure 5 reveals that for a low La concen-
tration (z = 0.08) the grains coalesce isotropically (5a),
while for a high La concentration (x = 0.20) the coales-
cence becomes anisotropic (5b). As a result of this differ-
ence, the PLT (z = 0.08) grains appear rounded (Fig. 4d)
while the PLT (2 = 0.20) grains develop tetragonal forms
(Fig. 4f). The grain tetragonality increases as the unit-cell
tetragonality decreases in forthright contradiction with
the expected behavior, taking into account the tendency
of the crystalline systems to approach the minimum en-
ergy shapes, which reflect the crystalline structure, as the
diffusion is activated.

Figure 6 shows the dependence of the grain and unit-
cell tetragonality with three experimental parameters: La
composition, substrate temperature and dynamic oxygen
pressure. The grain tetragonality values were estimated
after averaging many measurements on individual grains.
The statistics of procedure explains the relatively large
error bars for these results. Figure 6a reproduces numer-
ically the experimental evidences shown in Figure 4, i.e.
the grain tetragonality increases with the La incorpora-
tion exhibiting an opposed behavior to that of unit-cell
tetragonality. In the whole analyzed wide range of de-
position conditions, the grain tetragonality increases as
the substrate temperature increases or the oxygen pres-
sure decreases while the unit-cell tetragonality remains
quasi-constant. Slight unit-cell tetragonality deviations
(enclosed in Figs. 6b and c) are induced by the stress
enhancement as the grain size decreases. Small grains ap-
pear for very low deposition temperatures and/or high
oxygen pressures. At this point, we look for common fea-
tures in the grain tetragonality behavior with regard to
the three modified experimental parameters. In order to
keep the PLT molecule neutrality, the incorporation of
x La atoms produces z/2 stoichiometric Pb vacancies
(0). On the other hand, it is well known the creation
of non-stoichiometric Pb vacancies promoted by the in-
crease of the substrate temperature and the decrease of the
oxygen pressure via the thermal reevaporation of atomic
Pb [25]. Based on the fact that the PLT film bulk is stoi-
chiometric within the error ranges of X-ray photoelectron
spectroscopy and Rutherford backscattering spectroscopy
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Fig. 6. Dependence of the grain (e) and unit-cell tetrago-
nality (») with: a) the La incorporation for PLT films de-
posited at Ts = 923 K in PO2 = 0.1 mbar, b) the sub-
strate temperature for PLT (x = 0.08) films deposited in
PO; = 0.1 mbar, and c) the oxygen pressure during deposition
of PLT (xz = 0.08) films at Ty = 923 K. The PLT films, with
thicknesses around 500450 nm, were deposited on SrTiO3/InP.
The dot circles enclose slight deviations of the unit-cell tetrag-
onality induced by the stress enhancement in the films.

techniques [24], it can be concluded that if there exists a
concentration of non-stoichiometric Pb vacancies, it must
be small and the vacancies should be strategically located
at the grain boundaries. Such that the grain tetragonal-
ity could be associated with the fraction of stoichiometric
and non-stoichiometric Pb vacancies in the PLT films, and
therefore, the grain anisotropic coalescence could be the
result of the self-alignment of Pb vacancies in preferen-
tial directions within PLT grains. Summarizing, the grain
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Fig. 7. Dependence of the film roughness (o) and the av-
erage grain size (») with: a) the La incorporation for PLT
films deposited at T, = 923 K in PO, = 0.1 mbar, b) the
substrate temperature for PLT (z = 0.15) films deposited in
PO3 = 0.1 mbar, and c¢) the oxygen pressure during deposition
of PLT (xz = 0.15) films at 75 = 923 K. The PLT films, with
thicknesses around 500+50 nm, were deposited on SrTiO3/InP.

shape is not connected to the tetragonality of its unit-cell.
This fact suggests that the minimum energy shapes of
grains can be inhibited in compounds with highly volatile
elements such as the modified-PbTiO3 by the appearance
of new kinetic barriers due to the onset of thermal evapo-
ration.

Finally, Figure 7 shows how both the film roughness
and the average grain size increase as the grain tetrago-
nality increases. In the case of the non-equiaxed grains,
the average grain size has been calculated as the average
between the largest and the smallest grain lateral dimen-
sions. The anisotropic coalescence hinders the obtaining of
high crystalline (i.e. large grains) films with low roughness
(< 3%). In order to overcome this drawback, a balance
between roughness and crystallinity should be maintained
for each application through a fine selection of the depo-
sition parameters.
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4 Conclusions

From the here-performed scaling analysis of the mi-
crostructure and morphology evolution of pulsed laser de-
posited PLT films, three growth mechanisms operating
at different length scales have been identified: I) Atomic
diffusion with grain boundary migration and grain co-
alescence at intragranular scale. II) Atomic evapora-
tion/condensation at intracolumnar scale propitiated by
thermal reevaporation of atomic Pb during the growth
and the postdeposition annealing. IIT) Non-local shadow-
ing effect promoting a compact columnar growth habit
characterized by an uncorrelated growing surface at inter-
columnar scale. The anisotropy nature of the atomic diffu-
sion mechanism has been revealed and linked to the frac-
tion of stoichiometric or non-stoichiometric Pb vacancies.
The grains tetragonality is not linked to the tetragonality
of its crystalline unit-cell, being inhibited the minimum
energy shapes of grains.
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