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Abstract—The optimum parameters of laser annealing (crystallization) induced by repetitive pulses with a
pulse duration of 100 fs and a wavelength of 800 nm, which falls in the transparency region of the film and,
simultaneously, in the absorption region of the substrate, have been investigated experimentally as a function
of the thickness of the ferroelectric film. It has been shown that, with an increase in the thickness of the fer-
roelectric film by 100 nm (in the range from 300 to 600 nm), the required power density of the laser beam
increases, on the average, by 0.1 MW/cm2. The optimum exposure time of the laser beam with the desired
power increases nonlinearly with an increase in the thickness of the film.
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1. INTRODUCTION
The integration of thin-film ferroelectrics into the

silicon technology holds much promise, but it is not a
simple problem due to the occurrence of interfacial
chemical reactions and the interlayer diffusion of
atoms under the necessary conditions for crystalliza-
tion [1, 2]. The crystallization of a ferroelectric phase
requires the use of high temperatures (usually, 500°C
and higher). There is frequently a need to avoid heat-
ing of the structure as a whole. In this case, the ferro-
electric is subjected to local influences. A local
annealing can be achieved by different methods (for
example, using a hot cantilever or laser heating). The
use of the hot cantilever method leads to a local heat-
ing of the film, which makes it possible to perform
crystallization of local regions. For successful crystal-
lization, it is common practice to use either the pre-
liminary heating of the sample to temperatures in the
range from 250 to 300°C [3] or an electric field applied
between the cantilever and the sample [4]. The disad-
vantage of this method of annealing is the lack of
“flexibility” of the process, because the heat source is
always located on the surface. A laser annealing pro-
vides a means for crystallization of local regions with-
out preliminary heating (when the maximum evapora-
tion temperature of the precursor is as high as 150°C).
Moreover, it is possible to use different heating
regimes with a heat source on the surface or in the bulk
of the film, depending on the parameters of the radia-
tion. A local laser heating does not affect the sur-
rounding regions, because they are free of tempera-

ture-induced defects. Research works on the laser
annealing of ferroelectric materials were started in the
1980s [5]. In the majority of the works carried out in
this period, a continuous-wave CO2 laser was used as
the heat source providing annealing in a 0.5 × 0.5 mm
region of the ferroelectric film. In the case where an
excimer laser was used as the heat source, the crystal-
lization region was located on the surface, whereas the
lower part of the ferroelectric film remained amor-
phous. The remanent polarization of the ferroelectric
material upon annealing with a CO2-laser radiation
proved to be seven times higher than that in the case of
a KrF-excimer-laser annealing. Furthermore, the use
of a continuous-wave CO2 laser resulted in a more
homogeneous crystallization [6]. Subsequently, local
annealings of semiconductor materials were also
implemented using pulsed femtosecond lasers [7],
which ensured a high heating rate and a rapid crystal-
lization with minor defects. A rapid annealing is of
interest in connection with the decrease in the degree
of undesirable interlayer diffusion and the number of
other defects, as well as the diffusion of impurities,
especially in the case of semiconductors. For lead-
containing materials, such as lead zirconate titanate
(PZT), a rapid heating leads to a smaller loss of volatile
lead [8]. Interest in this subject today is also main-
tained at a high level (see, for example, [9–11]) owing
to the investigations of local features in the kinetics of
phase transitions in nanoscale ferroelectrics, as well as
the prospects for practical application of techniques in
the field of micro- and nanoelectronic technologies.
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Earlier [12], we demonstrated the possibility of the
formation of local regions of the ferroelectric phase
surrounded by a quasi-amorphous precursor. In our
previous studies [13, 14], we also used a nonlinear
optical technique for controlling the annealing pro-
cess, which provides a means for detecting second-
harmonic signals coming from the ferroelectric phase
during and after annealing. This makes it possible to
investigate the kinetics of crystallization and to ana-
lyze these regions on their nonlinear optical images.
Dependences of the optimum parameters of laser
annealing on the thickness of the films have not been
investigated previously. It is this aspect of the problem
that is the subject of the present study.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

The laser radiation source used in this work was a
femtosecond laser (Ti : sapphire, “Avesta Project,”
Russia) operating at a wavelength of 800 nm with a
pulse duration of 100 fs and a pulse repetition rate of
100 MHz. The radiation on the sample was focused
using a WITec Alpha 300 confocal microscope with an
LD EC Epiplan-Neofluar 100x/0.75 objective. As was
shown in our recent study [15], the intensity distribu-
tion of the reflected signal at a doubled frequency I2ω

is an indication of the distribution of the ferroelectric
perovskite phase. Therefore, the second-harmonic
signal was used as a criterion for the presence of the
perovskite phase in the sample. The measurements
were performed in the “reflection” geometry; i.e., the
reflected linear and nonlinear signals were collected
using the same objective and directed to the detector.
The second-harmonic signal at a wavelength of
400 nm was isolated with a BG-39 color filter. The
experiments were carried out using PZT films of the
composition Pb(Zr0.54Ti0.46)O3 + 10% PbO with thick-
nesses of 300, 400, 500, and 600 nm [16]. The quasi-
amorphous PZT films were deposited by radio-fre-
quency magnetron sputtering on the platinized silicon
substrate Pt(80 nm)/SiO2(300 nm)/Si(300 μm). The
average power used in this work was varied in the range
from 10 to 20 mW, which under the experimental con-
ditions corresponded to the power density in the range
from 0.7 to 1.5 MW/cm2 and the pulse energy in the
range from 0.1 to 0.2 nJ. The ranges of variations in the
power density and the exposure time were used to
determine the threshold conditions for crystallization.
The minimum temperature of crystallization of the
PZT compound, according to the experimental data
reported in [17], is approximately equal to 700 K. Most
frequently, the PZT compound crystallizes at tem-
peratures in the range from 800 to 1000 K. In our study

Fig. 1. Scanning electron microscopy images of the surfaces of 3 × 3 μm scan regions of the films with thicknesses of (a–c) 300
and (d–f) 400 nm at annealing times of (a, d) 0.1, (b, e) 1, and (c, f) 10 s.
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of the laser annealing, we used the minimum possible

crystallization temperature in order to avoid undesir-

able effects. In these experiments, we obtained about

250 local microstructures.

The surface relief of the annealed regions was

investigated using the techniques of scanning electron

microscopy and atomic force microscopy. The atomic

force microscopy images and the images obtained

using piezoelectric atomic force microscopy can be

found in [18]. In order to investigate the results of

annealing throughout the entire thickness of the film,

the cross-sectional cleavages in the crystallization

regions of the films were examined using transmission
electron microscopy [19].

3. EXPERIMENTAL RESULTS
AND DISCUSSION

The morphology and sizes of the structures can be
evaluated from their scanning electron microscopy
images (Fig. 1). The minimum size of the crystallized
region of the films was found to be approximately
equal to 700 nm (Fig. 1d). These images clearly
demonstrate specific features of the surfaces of the
films: the central part has a loose structure containing

Fig. 2. (a–f) Linear optical images and (g, h) their cross sections for 3 × 3 μm scan regions of the films with thicknesses of (a–c)
300 and (d–f) 400 nm at annealing times of (a, d) 0.1, (b, e) 1, and (c, f) 10 s.
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smooth sintered regions. The film around the crystal-

lized region consists of small grains.

The confocal images of the crystallized structures

for film thicknesses of 300 and 400 nm at annealing

times of 0.1, 1, and 10 s are shown in Fig. 2. It can be

seen from this figure that the linear optical images

contain dark regions corresponding to the crystalliza-

tion. The contrast with the light background is

achieved due to the difference in the refractive indices

of the amorphous and crystallized regions. The cross

sections of these images (Figs. 2g, 2h) have approxi-

mately equal minima in the center of the structures for

different durations of annealing and for different film

thicknesses. For this reason, it is impossible to reveal

the influence of the annealing parameters from the

linear optical images.

The crystallization is accompanied by the transi-

tion from the centrosymmetric phase (a mixture of the

pyrochlore and amorphous phases) to the noncen-

trosymmetric perovskite phase. Consequently, the

crystallized region exhibits the effect of optical sec-

ond-harmonic generation. Owing to this effect, in the

nonlinear optical images (Fig. 3), the central region

corresponding to the crystallization looks like a bright

spot or several bright spots against the dark back-

ground (the absence of the second harmonic in amor-

Fig. 3. (a–f) Nonlinear optical images and (g, h) their cross section for 3 × 3 μm scan regions of the films with thicknesses of (a–
c) 300 and (d–f) 400 nm at annealing times of (a, d) 0.1, (b, e) 1, and (c, f) 10 s.

(a) (b) (c)

(d) (e) (f)

(g) (h)

a
b
c

d
e
fIn

te
n

si
ty

, 
a

rb
. 

u
n

it
s 3

2

1

0 1 2 3
Length, µm Length, µm

2

1

0 1 2 3



1158

PHYSICS OF THE SOLID STATE  Vol. 58  No. 6  2016

ELSHIN et al.

phous/pyrochlore regions). Considering the presence
of such spots in the images, as well as their sizes and
shapes, we can judge specific features of the crystalli-
zation. The cross sections of these images (Figs. 3g,
3h) serve as a criterion for the quality of the annealing.
For the optimum annealing parameters, the cross sec-
tions have a Gaussian shape corresponding to the
intensity distribution in the laser beam. It can be seen
from Fig. 3 that an increase in the annealing time does
not lead to an increase in the size of the structures, but
the intensity at the center decreases. This is associated
with the appearance of undesired effects, such as the
ablation, which arises in the center of the structure
when the power density and the annealing time exceed
the optimum values. The intensity of the second-har-
monic signal from the crystallized regions at the short-
est duration (0.1 s) of the annealing is almost one order
of magnitude higher than the intensity of the others.
The average sizes of the structures, according to the
estimates made from both the linear and nonlinear
optical images, are approximately equal to 1 μm.

The nonlinear optical images allowed us to esti-
mate the lower limit of the power density at which the
crystallization begins to occur, as well as the upper
limit at which there is an ablation from the central
region. Similarly, we determined the limits of dura-
tions of the process.

The dependence of the optimum power density for
crystallization at a given exposure time (1 min) on the
thickness of the PZT film is shown in Fig. 4a. In our
case, the parameters above the minimum values suffi-
cient for crystallization and below the values at which
the ablation begins to occur are considered to be opti-
mum. With an increase in the film thickness, the min-
imum power density sufficient for crystallization
increases. As the film thickness increases by 100 nm,
the required power density increases by approximately

0.1 MW/cm2. It can be seen from Figs. 4a and 4b that

there are three different clearly distinguishable

regions. At the bottom of these figures, there is a

region in which the power density or the exposure time

is not sufficient for crystallization, and a second-har-

monic signal is still absent. In the upper region, the

experimental conditions lead to an ablation. The mid-

dle shaded narrow region is optimum for crystalliza-

tion. Under these conditions, it is possible to obtain a

local ferroelectric region without a defect center.

The dependence of the optimum exposure time for

crystallization at a given power density (1 MW/cm2)

on the film thickness is shown in Fig. 4b. With an

increase in the thickness of the PZT film, the mini-

mum exposure time sufficient for crystallization also

increases. The dependence of the exposure time on

the film thickness has a nonlinear character. In partic-

ular, the minimum necessary exposure times are equal

to 1 min for a film thickness of 400 nm and 5 min for a

film thickness of 500 nm, whereas for a film thickness

of 600 nm, ten minutes did not suffice for crystalliza-

tion (this point is marked with an open circle). It can

be assumed that, for a particular power density, there

is a critical thickness of the film, which already cannot

be crystallized throughout the entire thickness,

regardless of the exposure time.

In addition to the presented results, we note that

the transmission electron microscopy image of the

cleavage of the crystallized structure was obtained in

[19]. It was shown that the crystallization region is a

hemispherical region centered on the surface of the

film. It was also demonstrated that the structure con-

tains perovskite and pyrochlore inclusions.

The temperature distribution was evaluated with

the COMSOL Multiphysics software package and

presented in [12]. The maximum temperature of PZT

in the annealing region is approximately 800 K.

Fig. 4. (a) Range of variations in the optimum power density for crystallization at a given exposure time (1 min) and (b) range of
variations in the exposure time at a given power density (1 MW/cm2) as a function of the thickness of the PZT film. 
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4. CONCLUSIONS

In this paper, we have presented the dependences
of the optimum parameters of laser annealing for crys-
tallization of local ferroelectric regions without a
defect center on the film thickness. With an increase in
the film thickness, the annealing time and/or the
power density should be increased. Moreover, it
should be taken into account that, for the crystalliza-
tion of thick films, an increase in the annealing time
does not always lead to a success, so that it will be nec-
essary to increase the power density and, conse-
quently, the temperature of the process. Presumably,
there is a maximum ultimate film thickness through-
out which the film can be entirely crystallized using a
particular power density. Since the maximum second-
harmonic signal was observed in the structures fabri-
cated using a laser annealing for short times (0.1 s),
these times can be considered to be optimum for the
corresponding power densities.
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