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Abstract

It is reported about laser crystallization investigations of the amorphous thin-film ceramic Bag ;Sry;TiO3 (BST) with platinum
electrodes on silicon substrates using ArF and KrF excimer lasers. The film thickness is an important parameter and was adjusted
to minimize crack formation. For each film thickness the different laser parameters, such as pulse energy density, pulse number,
and pulse length, were optimized. Thermal modeling was applied for the analysis of laser processing. During the preparation and
crystallization process, the substrate temperature never exceeded 450 °C. For the first time, BST thin films have been crystallized
by applying UV laser pulses for producing high k planar structures. The best electrical properties were obtained at a film thickness
of 95 nm. The mechanisms resulting in the damaging of the thin films by short laser pulses were investigated systematically.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The work described here concentrates on the heating
of amorphous ceramic thin films by nanosecond laser
pulses in order to induce structural and electronic changes
of their (electronic) properties in the heated region only.

The technological potential of electro ceramic thin
films has been discussed in many publications.'?> A few
drawbacks result from the conventional, quasi-stationary
heat treatment of these new materials when integrating
them in the circuit fabrication process. Consequently, two
general reasons exist why laser processing is considered
a useful tool for heat treatment in micro technology:
The localized character of the heating is limited by the
wavelength and the huge heating rates of up to 108 K/s
for periods ranging from nanoseconds to milliseconds.
This allows the precise control of thermally induced
modifications in the zone under heat treatment only.

A large number (approx. 3500) of publications deal
with laser annealing of ion-implanted or a:Si.!>'* This
technology often is part of new methods for the fabri-
cation of thin-film transistors (approx. 200 patents in
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2001). The main effects of laser crystallization are well-
known and studied for semiconducting materials by
qualitatively relating the major parameters, i.e. laser
pulse wavelength, energy density, and duration, to the
effects of crystallization and damaging.

For silicon (with the light penetration depth and
thermo-physical properties differing from those of cera-
mics) the annealing effect with nanosecond pulses was
found to very strongly depend on the energy density of
the laser pulse. When the energy density is increased, the
structure of the implanted layer is transformed con-
secutively from an amorphous to a polycrystalline
phase, to a single crystal with a large number of twins
and, finally, to a single crystal free of defects. The max-
imum permissible melting depth with respect to the-
electric properties of the laser-processed device gives
the upper limit of the energy density. Surface roughness
was smoothed and electric mobility of the silicon layers
simultaneously increased with increasing pulse number.3

The number of publications concerning laser crystal-
lization of ceramic thin films is much lower (approx.
15). The possibility of a phase transformation from an
amorphous to an X-ray crystalline phase has been
demonstrated.*7 Electrical data are missing in many
cases, probably because of damages induced by laser
processing. Processing parameters are either kinetic
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materials parameters like different optical and thermal
properties or laser parameters like the pulse energy
density that varies around an average of 100 mJ/cm?.
The present paper predominantly presents experi-
mental work on BST thin films. In a previous paper * it
was reported that under certain conditions, damages are
introduced in the BST thin film by irradiation with a
KrF excimer laser. It shall be shown here that the film
thickness is an important parameter which must be
optimized to avoid damage from being produced during
laser pulse treatment. The modeling of pulsed laser
annealing together with a microscopic discussion of the
laser sintering process will be the subjects of a next

paper.

2. Experimental
2.1. Deposition of amorphous thin films

Thin films were prepared by a chemical solution
deposition method from a stoichiometric (Bag ;Srq 3) Ti;
solution.® The chemical solution deposition (CSD)
technique offers the advantages of low costs, easy and
exact variation of stoichiometry, and simple preparation
routes. The BST precursor solutions are synthesized
from alkaline earth propionate/titanium alkoxide solu-
tions. The solution is diluted by the parent solvent
(propionic acid). The chosen concentration of the solu-
tion is dependent on the required amorphous film
thickness and amounts to 0.1M or 0.3M with respect to
the A-site component (ABO;s type). Deposition was
performed by spin-on processing at a rate of 4000 rpm
on a Pt-coated Si substrate. The platinum film was
polycrystalline and 150 nm thick. The multilayer struc-
ture is shown in Fig. 3 on the left. Here, the BST film
was additionally metallized for electrical characteriza-
tion. The as-deposited coatings were pyrolized for 10
min at 450 °C on a hotplate. Thin films of 65, 95, 130,
and 200 nm in thickness were produced. The films are
X-ray amorphous. FTIR spectra reveal organic residues
and carbonate compounds which cannot be disin-
tegrated or eliminated completely below approx.
600 °C.8

Usually, a heat treatment of the amorphous as-
deposited film at high temperatures (> 600 °C) is nee-
ded for crystallization. In this paper it is reported about
the crystallization properties of ceramic thin films when
the substrate temperature is kept constant at room
temperature (25 °C).

2.2. Laser processing
Laser processing was carried out in ambient atmos-

phere at room temperature. The silicon wafer was posi-
tioned well on a clean metallic surface. Since the pulse

diameter (~2 mm) was smaller than the sample (~ 10
mm), the sample was moved under the laser beam using
a step motor-driven sample desk. For our experiments
1x1 cm? wafers were used. Two different excimer lasers
were employed: Excimer lasers working with either ArF
or KrF gas, resulting in excitation wavelengths of 193 nm
and 248 nm, respectively. The pulse length was esti-
mated using a gaussian fit of the pulse shape and then
averaged, its values amounting to 16 ns (@193 nm) and
23 ns (@248 nm), respectively. The optical penetration
depths of the two UV wavelengths applied were nearly
the same (~20 nm). The average pulse diameter at a
typical energy density of 100 mJ/cm? had a value of 2
mm. Due to these different pulse lengths, different laser
crystallization results are expected with respect to the
crystallization behavior and electrical properties of the
thin films. The beam shaping system consisted of simple
transmittive, focusing optical components specified for
the particular wavelength.

The energy density was varied in the range of 10 mJ/
cm? and 300 mJ/cm?. The laser energy values were spe-
cified with a fault of 10%. The total number of pulses
focused on one spot of the sample generally was in the
range of 1 and 600.

2.3. Thin-film analysis

The thin films were characterized with respect to their
degree of amorphicity and organic residues. The organic
residues and carbonate compounds were identified using
FTIR spectroscopy, whereas the level of amorphicity or
crystallinity was determined qualitatively by X-ray dif-
fraction. Further SEM and permittivity measurements
generally were applied for the characterization of the
laser-processed samples. A microscopic analysis tech-
nique (AFM, SNMS, TEM) is under development.

The thermal FEM model presented in the previous
paper ¢ has been improved by taking into account
temperature-dependent variables, changing heat capaci-
tance during melting, and an exact pulse modulation.
The experimental results were interpreted based on the
enhanced thermal FEM model.

3. Experimental results

Different processes like laser ablation, micro drilling,
and many other materials processing methods modify
the irradiated samples drastically, so that any damage is
either of minor importance or acceptable. The laser
annealing processes are used to transform the films in a
well-defined manner by e.g. solid-solid phase transfor-
mations. Consequently, no damage of the film occurs.
The possibility of crystallizing with ns-pulses has been
demonstrated by several groups.*> Unfortunately, the
ceramic films often could not be characterized
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electrically due to the occurrence of crack formation. To
prevent damage of the planar structure, the ceramic film
thickness was changed systematically.

3.1. 200 nm Thin films

At this film thickness, crack formation was evident at
a laser pulse energy density of 50 mJ/cm? already.* As
obvious from Fig. 1, this happened even at low pulse
numbers and caused film ablation when the pulse
number was increased.

Even for a small number of laser pulses applied
(approx. 20), isolated cracks occurred. The damage
threshold amounted to 40 mJ/cm? (@ 10 pulses). As a
result, no undamaged crystalline films suitable for reli-
able capacitor test structures could be produced. The
temperature [T(t,z)] in Fig. 2 suggests that only the
upper part of the film is heated above the densification/
crystallization temperature, whereas the lower part is
kept far below 600 °C, such that high thermal stress
gradients can be expected inside the BST film. It was
shown # that substrate heating can essentially reduce
crack formation at the expense of the localized char-
acter of heating.

3.2. 130 nm Thin films

The above-mentioned crack formation has not been
observed when using thinner films. In contrast to thick
films, the laser crystallization method with the KrF laser
pulses (~23 ns) therefore seems to be well suited for
thin films with a thickness of approx. 100 nm. Irradia-
tion of 130 nm thick films with an energy density up to
the damage threshold, which is approximately 260 mJ/
cm? (@ 10 pulses) did not produce any cracks. At
higher pulse numbers, additional effects influence this
damage threshold, so that the maximum applicable
energy density is reduced. This behavior shall be dis-
cussed in the qualitative interpretation below.

Fig. 3 (left) shows the SEM of a ceramic thin film
processed with 100 mJ/cm? energy density, a pulse
number of 500, and prepared as a plane capacitor with a

sputtered top electrode. This film produces the highest
permittivity (e~ 180) with the lowest leakage current
(tand~0.01) as compared to equally thick films at vari-
able energy densities. The film is very smooth (~1 nm
RMS, measured by AFM). The morphology of the BST
layer obviously is different at the top (white arrow in
Fig. 3) and at the bottom (black arrow). Fig. 4 at the
bottom shows the temperature calculated for a single
100 mJ/cm? KrF laser pulse during one heating cycle
and the associated melting depth. The temperature
slightly exceeds the melting temperature of BST at this
laser energy. The melting depth amounts to ~9 nm.
Fig. 4, top, illustrates the temperature profile near the
surface of the wafer. The crystallization temperature of
600 °C 3 is exceeded in the entire film. At the same time,
the temperature of the SiO, layer stays below 450 °C.
This allows three major conclusions to be drawn:

(1) The heat front—referring to 600 °C—seems to
propagate through the entire film. The lower layer
(black arrow) appears to grow on the polycrystalline
platinum. Densification and crystallization reach the
platinum layer. Possibly, this is the reason why no
crack formation occurs for films thinner than 200 nm.
(2) The upper layer consists of molten-resolidified and
probably partly crystallized material of approx. 9 nm
thickness.

(3) The heating time of one pulse obviously is too
short for a complete crystallization of the film,
considering that 500 pulses were necessary for the
crystallization.

The X-ray pattern in Fig. 5 at the top reveals that the
crystallization processes are enhanced by an increased
pulse energy density. As the X-ray beam has a larger
diameter on the sample than the laser-crystallized part
of the sample, an amorphous shoulder can be seen
around 22°.

These laser-crystallized BST thin films could be char-
acterized electrically after the deposition of a platinum
top electrode (~0.1 mm?, Fig. 5, bottom). A correlation
was made between processing parameters and film

Fig. 1. SEM of 200 nm BST films processed with 50 mJ/cm? and 100 (left) and 500 (right) pulses. The ArF and KrF lasers induced cracks and,

hence, damaging.
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quality. The electrical characterization confirms the
dependency of film quality (crystallinity) on the energy
density. The lower threshold energy density for crystal-
lization is approx. 50 mJ/cm? and the upper threshold
for damaging @ 500 pulses is about 150 mJ/cm?. The
permittivity values for the thinner films shall be
explained later.

The curves in Fig. 5 (bottom), have a maximum,
which seems surprising. Higher laser energy densities
lead to increased temperatures in the film, thus resulting
in a faster crystallization. The maximum may be attrib-
uted to the melting depth being an important para-
meter: The amorphous state of the BST film after
deposition and pyrolysis at 450 °C already seems to
contain BST nuclei. This can be deduced from TEM
and AFM analysis. When melting some part of the layer
during laser processing, nucleation is suspended and
restarted again under new nucleation and grain growth
conditions. Concerning the melting depth (see Fig. 3,
right), it is assumed that the molten and resolidified part
is less crystalline than the heated non-molten part of the
film, below which crystallization takes place step by step
with many pulses. Consequently, the permittivity of the

Fig. 2. The presented 3D model of temperature distribution after one
KrF laser pulse of 80 mJ/cm? applied at the surface of the multilayer
system shows that the part of the film close to the platinum is heated
to temperatures far below 600 °C (light blue color).

200nm &

solidified part is smaller than the corresponding value of
the non-molten part.

Compared to these results, the ArF laser-(pulse length
~16 ns)-processed films exhibited a similar behavior.
Only at low pulse numbers (e.g. 20) did the ArF pulses
produce non-crystalline films. When applying the KrF
laser at a pulse length of ~23 ns, the ceramic films
could be crystallized with 20 pulses only. This indicates
that apart from the pulse number, also the pulse length
is a deciding parameter. This can be explained well by
using a continuum macroscopic crystallization model
that is presently being developed.

3.3. 95 nm and 65 nm Thin films

Using thin films with a thickness of about 95 nm and
65 nm, crystallization can be achieved by applying the
same UV laser pulses without the destructive stress
cracks observed in the 200 nm layers. Laser pulse energy
variations produced results similar to those reported for
the 130 nm films. The laser pulses did not cause any
damage up to approx. 300 mJ/cm? and 10 pulses (see
Fig. 3, right, and 7). However, some differences can be
noticed with respect to the pulse lengths when using
the KrF and ArF lasers. Film morphology below the
damage threshold is similar to that described above. In
Fig. 3 on the right the resolidified (see black arrow)
upper layer can be identified clearly. This sample shows
the highest permittivity values of all ArF laser-processed
thin films. The melting depth amounts to approx. 56
nm. Using the heat conduction model, the melting
depth was calculated with the same material parameters
as before. It is shown by the temperature profile in Fig. 4
at the bottom that the 95 nm BST thin film is heated far
above 600 °C. Because of the high temperature profile
obtained at 140 mJ/cm? despite the application of shorter
ArF pulses, the heating period during one heating cycle
is lengthened compared to the KrF pulse of 100 mJ/cm?
for the 130 nm film. The profile decays on a longer time
scale with temperatures above the melting point even
though more than approx. 100 pulses were necessary to
produce X-ray crystalline high-k films with this laser.

200nm

P 95 nm BST

Fig 3. SEM cross sections of 130 nm (left) and 95 nm (right) thin films processed with the excimer laser. 100 mJ/cm? and 500 pulses (left), 50, 140,

and 50 mJ/cm? in succession and 400 pulses (right).
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The smooth, crack-free surface allows for further
structuring to a capacitor. Experiments with pulse
numbers smaller than 20 yielded crystalline films only
with the longer KrF pulses, but resulted in bad electrical
properties. Hence, there is also a correlation between
the pulse number and the film quality. Below 100 pulses,
crystalline peaks are not detected by XRD. The permit-
tivity remains low and increases with a rising pulse
number until the film cracks, similar to the representa-
tion given by Fig. 5 at the bottom. This result may be
explained by a crystallization process that starts from
already existing nuclei. Grains are growing in an amor-
phous surrounding, depending on time and temper-
ature. Together with the thermal model, a Johnson—
Mehl-Avrami model for physical modeling shall be
presented to calculate this behavior as a function of the
laser parameters.

The best results in this experimental series were
achieved with a three-step process:

First, a cleaning step with low energy density, then a
crystallization step of the part close to the substrate,
and, finally, crystallization at low energy density of the
resolidified part close to the surface.

The cleaning step comprises photolytic and pyrolytic
ablation of contamination (e.g. C-H bonds) at the

BST Pt TiO2 Si02

18004 \after 30ns
16004
14004

2.1200

= 10004 after 50ns

70ns

0 100  -200  -300  -400  -500
z/nm

- 130nmfilm ]|
+ 95nm film

melting depth / nm

t/ns

Fig. 4. Temperature calculations [T(z) top and T(t) below] for the
samples shown in Fig. 3. The calculation of T(z) refers to the right
sample in Fig. 3.

surface. This type of process '%!! can be observed and

identified by audio-visual signals due to the formation
of plasma on the surface. The energy density of the
pulses is smaller than 50 mJ/cm? and the process
requires 5 pulses only. The crystallization step can be
compared with the processes taking place in the 130 nm
films (last section). In order to crystallize the molten and
partly amorphous solidified part at the surface during
the third step, the film is treated again at a lower energy
density, such that the melting temperature will not be
exceeded significantly (approx. 60 mJ/cm?). Consequently,
further grain growth at the surface can be induced.
Additionally, it was observed that the adhesive
strength of the 65 nm films after the process is reduced
relative to the laser power (see damage threshold in
Fig. 9). This behavior results from the fact that the
melting depth can no longer be neglected with respect to
the film thickness. This is shown in Fig. 6, top, where
the ceramic film is partly molten and, thus, destroyed.
When the BST film is completely molten during laser
processing, the liquid phase tends to form droplets on
the platinum. Moreover, the influence of the platinum
back electrode becomes more relevant to the formation
of the temperature profile and the stress in the ceramic
layer. For this reason, it was impossible to crystallize

BST (100) BST (110)

.
counts

70mJ/cm?

40mJ/cm?

20 22 24 26 28 3'0 3|2 34 36 38
2 0 /grad

270 v

0 20 40 60 80 100 120 140
Laser energy density / (mJ/cm?)
Fig. 5. X-ray pattern of the (100) and (110) diffraction peaks and

permittivity € versus laser energy density @ 10k Hz for 130 nm
(round) and 95 nm (square) films.
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30 nm BST thin films with the excimer laser systems. In
Fig. 7 a micrograph of the multilayer structure with a 65
nm BST thin film after the metallization with platinum
is shown. The corresponding measurement of permit-
tivity is displayed below. The highest relative permit-
tivity values measured were smaller than those of the
95 nm films.

The temperature profiles calculated in Fig. 6 at the
bottom reveal the influence of the film thickness on
the laser sintering process. The substrate acts like a heat
sink (particularly platinum and silicon) so that the 65
and 30 nm thin films cannot be heated above the melt-
ing temperature with this energy density (here 100 mJ/
cm?). This is shown by the thick lines in Fig. 6 at the
bottom. Even though the temperature and, thus, the
crystallization velocity can be increased by increasing
the laser power, the interface temperature between the
ceramic layer and the platinum layer has to be con-
sidered. A high platinum temperature generates thermal
tension and above approximately 900 °C, delamination
of the ceramic layer occurs due to a recrystallization
process of the platinum. Therefore, the thinner films are
destroyed before they can be heated as much as the
thicker films. This is shown by the thinner lines in Fig. 6.
Finally, the thermal load of the substrate shall be dis-
cussed using Fig. 4, top, as a basis. Since the maximum
temperature at the bottom electrode is reached with a

certain delay compared to the surface, calculated values
are plotted after 30, 50, and 70 ns, respectively. The
increase in temperature amounts to 400 °C at the max-
imum below the titanium oxide layer. This means that
the goal of the development of a low-temperature pro-
cess is achieved by reducing the temperature load of the
substrate during the deposition and laser sintering of
thin BST films.

4. Qualitative interpretation of crack formation

The chemical deposition method is not well suited for
the complete elimination of the organic residues below a
deposition temperature of 600 °C. These residues may
contribute to crack formation during laser processing. A
primary effect at a low energy density, above approx. 40
mlJ/cm?, is the densification of the ceramic thin film. To
illustrate this result, an experiment with a beam dia-
meter of approximately 100 um is presented (Fig. 8).
This sintering effect can be observed in nearly all
experiments (at any film thickness) above a certain
energy density (it can be identified by a color change of
the film) and marks the lower threshold for the materi-
als processing of these amorphous, dielectric CSD thin
films. At such low pulse energies, no X-ray crystalline
phase can be observed, even when 10 000 laser pulses

500nm

1600, . surface temperature
film thickness
14004
200nm
12004 130nm
95nm
© 10004 65nm
i 30nm
= 800
B00H= = = /A = ANANN = N - am - -
400
2004 i 1/ filin thickness
04 ' interface temperature BST/Pt
0 50 100 150 200
t/ns

Fig. 6. SEM of a 65 nm BST thin film (cross section), 270 mJ/cm?
with the ArF laser, 300 pulses, bottom: Temperature profiles calcu-
lated for a single 100 mJ/cm? KrF pulse at varying film thicknesses
(from 30 to 200 nm). Thick lines—surface temperature, thin lines—
interface temperature between the BST and Pt layer.

ursv

Fig. 7. SEM of a 65 nm BST thin film (cross section), successive
application of 50, 110, and 70 mJ/cm? @ 30, 300, and 30 pulses and
permittivity measured for this 65 nm BST film.
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Fig. 8. Microscope and profilometer image of laser tracks on a
ceramic sample. The densified material appears brighter.

are applied. The cracks in the 200 nm films at the same
energy density are therefore supposed to be caused by
stress due to inhomogeneous heating and densification
and by residual stress of the as-deposited film. A two-
layer system is formed by inhomogeneous crystal-
lization of crystallized (condensed) combined with
amorphous (non-condensed) material. Apart from ver-
tical inhomogeneities, also plane inhomogeneities exist
in the film due to the small pulse diameter. Thus, a
crystalline lens is formed in the layer and the tensile
stress is expected to grow strongly with gradual sinter-
ing. Additional compressive stress arises from the
inhibited thermal expansion during heating, followed by
tensile stress due to densification and crystallization
following temperature homogenization.

The 130 and 95 nm films were found to be resistant to
thermal shocks. After a reproducible pulse number,
damaging occurs, followed by ablation. This is probably
due to small cracks that prevent heat conduction in
some directions and lead to overheating and melting.
With rising energy density, the maximum melting depth
is reached when the film is completely molten and
droplets are formed. Even a nearly completely molten
film is unstable already. The damage threshold in the
experiment with ten laser pulses is obvious from Fig. 9.
The tolerance of the given values primarily results from
the variation of the pulse energy of the laser systems
rather than from the film properties.

Other reasons for damaging are a strong contamin-
ation of the surface, which has the effect of a thin addi-
tional layer !!2 and rough particles that promote the

A Pulse energy density [mJ/cm?]
300 '®)
O
150 O ©
40 C;
30 90 130 200

Film thickness [nm]

Fig. 9. Experimentally acquired damage thresholds (with approxi-
mately 10 pulses each) at variable film thickness.

formation of droplets. In a previous paper * the
decomposition of organic residues during the laser
processing was presented following deposition at a tem-
perature of 250 °C only. It takes places simultancously
with nucleation and grain growth.

5. Conclusions

A well-defined laser pulse energy and pulse number
result in a film thickness of BST films deposited by
chemical solution deposition, which is suitable for laser
crystallization without damaging. It is assumed that the
sintering effect during pulsed laser heating produces
cracks in thick films. In this case, the melting depth is of
no importance to laser processing. Melting depth must
not exceed the film thickness to avoid damaging in
thinner films. The thinner the film thickness, the smaller
is the maximum applicable pulse energy in films of less
than 100 nm. More than approx. 100 pulses are needed
for the formation of the perovskite phase in the solid
amorphous CSD film when applying 16 ns ArF pulses.
Using KrF laser pulses of 23 ns pulse length, crystal-
lization is possible with slightly lower pulse numbers
and energy densities and, hence, with a smaller melting
depth. The thickness of the underlying platinum layer
(here 150 nm) should probably be reduced for thinner
films (<60 nm) in order to decrease the contact temp-
erature at the bottom electrode.

A low-temperature process for producing reliable
planar BST thin-film capacitors with laser crystal-
lization has been reported. Since no post-annealing was
performed after sputtering the top platinum contacts,
the electrical properties are competitive with those of
traditional BST films crystallized by furnace annealing.
Examinations of laser-treated amorphous films without
organic residues are in preparation.
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