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Summary. Pulsed laser deposition (PLD) is for many reasons a versatile technique.
Since with this method the energy source is located outside the chamber, the use
of ultrahigh vacuum (UHV) as well as ambient gas is possible. Combined with a
stoichiometry transfer between target and substrate this allows depositing all kinds
of different materials, e.g., high-temperature superconductors, oxides, nitrides, car-
bides, semiconductors, metals and even polymers or fullerenes can be grown with
high deposition rates. The pulsed nature of the PLD process even allows prepar-
ing complex polymer-metal compounds and multilayers. In UHV, implantation and
intermixing effects originating in the deposition of energetic particles lead to the for-
mation of metastable phases, for instance nanocrystalline highly supersaturated solid
solutions and amorphous alloys. The preparation in inert gas atmosphere makes it
even possible to tune the film properties (stress, texture, reflectivity, magnetic prop-
erties...) by varying the kinetic energy of the deposited particles. All this makes PLD
an alternative deposition technique for the growth of high-quality thin films.

1 Introduction

With the pulsed laser deposition (PLD) method, thin films are prepared by the
ablation of one or more targets illuminated by a focused pulsed-laser beam.
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This technique was first used by Smith and Turner [1] in 1965 for the prepara-
tion of semiconductors and dielectric thin films and was established due to the
work of Dijkkamp and coworkers [2] on high-temperature superconductors in
1987. Their work already showed main characteristics of PLD, namely the sto-
ichiometry transfer between target and deposited film, high deposition rates
of about 0.1 nm per pulse and the occurrence of droplets on the substrate
surface (see also [3]). Since the work of Dijkkamp et al., this deposition tech-
nique has been intensively used for all kinds of oxides, nitrides, or carbides,
and also for preparing metallic systems and even polymers or fullerenes.

The aim of this paper is to give a brief sketch on the versatility of the
pulsed laser deposition method and to give some examples of where it is
needed. Differences compared to conventional thin film techniques like thermal
evaporation and sputtering will be discussed, too.

2 Typical Experimental Set-ups

A typical set-up for PLD is schematically shown in Fig. 1. In an ultrahigh
vacuum (UHV) chamber, elementary or alloy targets are struck at an angle
of 45° by a pulsed and focused laser beam. The atoms and ions ablated from
the target(s) are deposited on substrates. Mostly, the substrates are attached
with the surface parallel to the target surface at a target-to-substrate distance
of typically 2-10 cm.

Substrate

UHV-chamber

Fig. 1. Schematic diagram of a typical laser deposition set-up

In our case, an UHV of about 107" mbar, an excimer laser LPX110i
(Lambda Physik) with KrF radiation (wavelength 248 nm, pulse duration
30 ns), Si or Al,O3 substrates, and a target-to-substrate distance of 3-7 cm
are used. In order to obtain a steady ablation rate from the target, the laser
beam is scanned (in our case by eccentric rotation of the focusing lens and
by additionally sweeping and/or slightly turning the target under the laser
beam) over a sufficiently large target area (at least 1 cm?). By adjusting the
number of laser pulses on each target, multilayers with desired single layer and
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bilayer thicknesses can be created. Two ways for growing alloy systems were
applied, using a bulk alloy target or elementary targets of the constituents. In
the latter case, the pulse number on each target is supposed to be low enough
to obtain a thickness of less than one monolayer from each element.

Under these deposition conditions, in addition to atoms and ions, in most
cases some droplets of target material are also deposited on the substrate sur-
face, too. In most systems, the formation of large droplets or the tearing-off
of target exfoliations can be reduced by using dense and smooth targets [4, 5].
However, the ablation of smaller droplets originating from the fast heating
and cooling processes of the target, which is due to the pulsed laser illu-
mination cannot completely be avoided. In the literature, the corresponding
mechanisms are called “hydrodynamic sputtering” [6] or “subsurface heating”
[7]. These droplets can only be prevented from reaching the substrate surface,
for instance by using the so-called “off-axis” geometry, firstly described by
Holzapfel et al. [8] during PLD of high-temperature superconductors, or by
using special laser ablation facilities, for instance the “dual-beam” ablation
technique [9], where the substrate is shadowed from the material ablated si-
multaneously from two targets.

3 Versatility of the PLD Technique

During PLD, many experimental parameters can be changed, which then have
a strong influence on film properties. First, the laser parameters such as laser
fluence, wavelength, pulse duration and repetition rate can be altered. Second,
the preparation conditions, including target-to-substrate distance, substrate
temperature, background gas and pressure, may be varied, which all influence
the film growth. In the following sections, we focus on the most interesting of
these parameters.

3.1 UHV and Different Gas Atmospheres

The PLD technique allows preparing all kinds of oxides, nitrides, carbides,
but also polymers, Buckminster fullerenes or metallic systems. In Tab. (1), a
non-comprehensive list of materials deposited for the first time after 1987 is
given.

In order to obtain all these different kinds of materials, one has to work in
ultrahigh vacuum (UHV) or reactive gas atmosphere during deposition. This
is possible with PLD, because the energy source is outside the deposition
chamber. During growth of oxides, the use of oxygen is often inevitable for
achieving a sufficient amount of oxygen in the growing oxide film. For instance,
for the formation of perovskite structures at high substrate temperatures in
a one-step process, an oxygen pressure of about 0.3 mbar is necessary [2].

Also, for many other oxide or nitride films, the necessity of working in a
reactive environment makes it difficult to prepare such samples vice thermal
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Material Literature

High-temperature YBasCuzOr Dijkkamp et al. (1987) 2]
superconductors BiSrCaCuO Guarnieri et al. (1988) [10]

TIBaCaCuO Foster et al. (1990) [11]

MgB2 Shinde et al. (2001) [12]
Oxides Si02 Fogarassy et al. (1990) [13]
Carbides SiC Balooch et al. (1990) [14]
Nitrides TiN Biunno et al. (1989) [15]
Ferroelectric materials Pb(Zr,Ti)O3 Kidoh et al. (1991) [16]
Diamond-like carbon  C Martin et al.(1990) [17]
Buckminster fullerene Cg0 Curl and Smalley (1991) [18]
Polymers Polyethylene, PMMA Hansen and Robitaille (1988) [19]
Metallic systems 30 alloys/multilayers Krebs and Bremert (1993)  [20]

FeNdB Geurtsen et al. (1996) [21]

Table 1. List of some materials deposited for the first time by PLD after 1987 and
references

evaporation, using electron guns. In the case of sputtering, where commonly
argon is used as the background gas, a larger amount of oxygen or nitrogen
can only be added in special oven facilities close to the substrate surface.

3.2 Small Target Size

The PLD technique is also flexible, because the spot size of the focused laser
beam is small and, therefore, the target area may even be less than 1 cm?. This
allows to prepare complex samples with enrichments of isotopes or isotopic
markers within the deposited film. Being able to easily prepare samples for
research purposes or for application tests is especially interesting, if the sample
or one component is extremely expensive or impossible to prepare with other
techniques. Here, the flexibility of the PLD technique pays off, due to the
possibility of easily exchanging and adjusting the targets.

In our case, for instance Fe-Ag thin films and multilayers were prepared
with %"Fe contributions to make special areas of the samples sensitive for
Mossbauer spectroscopy and to investigate intermixing effects between the
two components [22].

3.3 Stoichiometry Transfer

In many cases, one takes advantage of the fact that during PLD the stoi-
chiometry of the deposited film is very close to that of the used target and,
therefore, it is possible to prepare stoichiometric thin films from a single al-
loy bulk target. This so-called “stoichiometry transfer” between target and
substrate has made the PLD technique interesting for the growth of com-
plex systems, for instance of high-temperature superconductors, piezoelectric
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and ferroelectric materials with perovskite structure, and also for technical
applications (sensors, capacitors, ...).

Stoichiometry transfer between target and substrate is difficult to obtain
with evaporation or (magnetron) sputtering by using a single target, because
in general the partial vapor pressures and sputtering yields of the components
are different from each other which gives rise to a different concentration of the
thin film growing on the substrate. In the case of PLD, with most materials
a stoichiometry transfer between target and substrate is obtained, which can
be explained as follows.

The fast and strong heating of the target surface by the intense laser
beam (typically up to temperatures of more than 5000 K within a few ns [23],
corresponding to a heating rate of about 10'? K/s) ensures that all target
components irrespective of their partial binding energies evaporate at the
same time. When the ablation rate is sufficiently high (which normally is the
case at laser fluences well above the ablation threshold), a so-called Knudsen
layer is formed [6] and further heated (for instance by Inverse Bremsstrahlung)
forming a high-temperature plasma [24], which then adiabatically expands in
a direction perpendicular to the target surface. Therefore, during PLD, the
material transfer between target and substrate occurs in a material package,
where the separation of the species is small. The expansion of the whole
package can be well described by a shifted Maxwell-Boltzmann center-of-mass
velocity distribution [25]

f(v.) < v - exp[—ma (v, — vem)? /) (2kTe)]. (1)

with a center-of-mass velocity v..,, and an effective temperature Teg. Then,
adiabatic collisionless expansion occurs transfering the concentration of the
plasma plume towards the substrate surface.

Thus one can understand that complex structures such as oxides or per-
ovskites are built up again at the substrate surface, when the substrate tem-
perature is high enough, because all components are transfered from target
to substrate at the right composition.

But also in the case of polymers, the preparation of films from single bulk
targets is possible, as was first shown by Hansen and Robitaille in 1988 [19].
In the case of polymers, chemical structure and chain length strongly depend
on the applied laser wavelength and fluence (see for instance [26]). In Fig. 2,
an infrared spectrum (FTIR) of poly-(methyl methacrylate) (PMMA) laser
deposited at a fluence of 300 mJ/cm? is compared with a literature spectrum
[27]. As can be seen, apart from small intensity differences all absorption
lines are seen also in the PLD film indicating that the reorganization at the
substrate surface leads to a chemical structure very close to the bulk structure.
Nevertheless, using a laser wavelength of 248 nm, the chain length of the grown
PMMA films is reduced when depositing the film at room temperature. This is
known from gel permeation chromatography (GPC) measurements performed
after dissolving the PMMA films in tetrahydrofuran (see Fig. 3, note the
logarithmic scale on the x-axis). The obtained average molecular mass M,
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obtained is about 5800 g/mol. Details of these experiments are described
elsewhere [28].
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3000 2000_1 1000 Fig. 2. FTIR spectrum of laser deposited PMMA
v(cm) films in comparison to bulk material [27]
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Fig. 3. GPC measurements on laser deposited PMMA

3.4 Pulsed Nature of PLD

The pulsed nature of the PLD process allows for strongly changing the laser
conditions for each target. Therefore, it becomes possible producing complex
composite materials like polymer-metal systems, where completely different
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laser fluences are necessary for the deposition of polymer and metal, respec-
tively. In Fig. 4, a transmission electron microscope (TEM, Philips EM-420)
image of a polycarbonate (PC) film with a layer of Ag grains is shown. For
production of such a sample, the PC has to be prepared at low laser fluence
of about 60 mJ/cm? to optimize the chemical structure, while the Ag crystals
were deposited at an about 80 times higher fluence of 5 J/cm?. By this tech-
nique, even PC/Ag-multilayers were grown for the first time with low interface
roughness as will be described in [29].

®  Fig. 4. TEM image of a polycarbonate
: b B =% « film with nanocrystalline Ag grains

3.5 Energetic Particles

To obtain sufficiently high ablation rates (on the order of 0.01 nm per pulse) for
the deposition of metallic systems in UHV, high laser fluences of more than
5 J/cm? are necessary [20, 30]. Under these conditions, the film deposition
occurs with energetic particles.

At a laser fluence of 8 J/cm? the velocities of the plasma plume expan-
sion correspond to average kinetic energies of the ablated ions of more than
100 eV [23] in agreement with results of Lunney [31]. The mean energy of
the atoms is much lower, on the order of 5-10 eV [32]. In the literature, an
acceleration of the ions in the strongly increasing space charge field incurred
by the more mobile electrons, collectively moving away from the ions [33], is
made responsible for the higher energies of the ablated ions.

The deposition with energetic particles allows for the formation of metastable
phases, for instance nanocrystalline highly supersaturated solid solutions or
amorphous films over a wide composition range. For instance, in the Fe-Ag
system, which is almost immiscible in thermodynamic equilibrium, the bcc
Fe(Ag) single phase can be supersaturated much higher than with conven-
tional deposition techniques, namely up to 13 at.% or up to 40 at.% at room
temperature and 150 K, respectively [34, 35]. In Fig. 5, x-ray measurements
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(Philips X‘Pert MRD) of a Feg; Agg thin film are shown after annealing at dif-
ferent temperatures. From the absence of an Ag peak at about 44.5° and from
the width of the Fe(Ag) peak it can directly be seen that the sample is super-
saturated homogeneously and nanocrystalline with a grain size of about 6 nm
(as deduced from the Scherrer formula [36]). With annealing temperatures up
to 620 °C, the peak shifts to higher scattering angles, but no Ag peak occurs,
indicating that Ag diffuses out of the Fe(Ag) grains into the grain bound-
aries, where wetting and stabilizing occurs up to high temperatures without
Ag grain formation.

FeglAg9

Fe
(110)

Ag (111)
s

620°C (30:min)

400°C (23ih)

Intensity (a. u.)

400°C (82imin)

400°C (10:min)

300°C (10 min) Fe(Ag)
40 45 50 55 Fig. 5. High-angle x-ray diffraction of
20 (degree) a laser deposited Feg1 Agg thin film af-

ter annealing at different temperatures

For mixing effects leading to homogeneous films, implantation of the ener-
getic ions, intermixing with the already deposited material, and film growth
below the surface (so-called “subsurface growth”) were made responsible. The
implantation of particles (with energies above the displacement threshold)
below the substrate surface also induces defect formation, at least for high
laser fluences above 6 J/cm?. Using high resolution transmission electron mi-
croscopy (HRTEM, Philips CM200) in cross-section, dislocation densities of
more than 10'?cm ™2 were obtained in Fe(Ag) thin films (Fig. 6).

The implantation of additional material into the already grown film, which
is fixed to the substrate, leads to high compressive stress on the order of GPa.
This compressive stress can be detected from peak shifts to lower scattering
angles in conventional high-angle x-ray diffractometry [30]. Due to intermixing
effects at the substrate surface, in general a strong adhesion of PLD films
exists to all substrates used in our case (Si, AloO3, W) and no tearing off the
substrate was observed up to film thicknesses of 1 pm.
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Fig. 6. HRTEM image of a su-
persaturated Fe(Ag) film showing
a dislocation loop and dislocations
(enlarged in the insets)

In the case of Fe/MgO and NiggNbg/MgO, the interface roughness of
multilayers laser deposited in UHV is very small (typically about 0.35 nm
for layer periodicities of up to 5 nm), as can be deduced from a fit to the
x-ray reflectivity measurements (using Co-K, radiation) depicted in Fig. 7
(for details of the fit procedure see [37]). This is an indication for high surface
mobility of the deposited particles and low intermixing effects in this system
[37, 38].

3.6 Tunable Particle Energy

The kinetic energy of the deposited particles can be systematically varied
from an average energy of about 50 eV to about 150 eV by increasing the
laser fluence from 2 to about 10 J/cm? for metallic systems. This only slightly
changes the film properties [39]. A much stronger influence on the film prop-
erties occurs, when the particle energy is lowered by an inert gas pressure.
Then, the energy can be reduced to thermal energies below 1 eV.

In an Ar atmosphere, well below about 0.1 mbar, the reduction of the
average energy of the ablated particles can be described by scattering of a
dense cloud of ablated material moving through a dilute gas [39]. On the
way towards the substrate, mainly the energetic ions are scattered out of the
deposition path, while the slower atoms reach the substrate surface without
any hindrance. At higher gas pressures, the plasma expansion leads to a shock
front between plasma plume and surrounding gas, which hinders the plasma
expansion and induces a further velocity reduction [40].

A decrease of particle energy is accompanied by systematic changes in
texture and microstructure. With conventional thin film techniques usually
the substrate temperature has to be varied to change texture. This shows
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Fig. 7. X-ray reflectivity measurements and fit of laser deposited Fe/MgO thin films
with a layer periodicity of 2.1 nm for different numbers of bilayers

that during PLD, where energetic particles exist, the particle energy is an
additional parameter to play with.

As an example, in Fig. 8 texture measurements (using a conventional
four-circle diffractometer with Co-K, radiation) are shown for Permalloy
(NigoFeqo, Py) deposition in different Ar gas atmospheres at room temper-
ature. These are 3-dimensional plots, where the angles ¥ and ¢ are used as
usual and the “height” is the measured intensity. For Py deposited in UHV,
the films exhibit a strong (111) fibre texture typical for fcc metals with a full
width at half maximum (FWHM) of 5°. For higher pressures during depo-
sition, the sharpness of the peaks is reduced and the FWHM rises, before a
complete change in the texture occurs. For 0.1 mbar, besides the (111) fibre
texture also traces of the (200) and (321) fibre texture are seen. For even
higher pressures the (111) direction completely vanishes and only the (200)
and (321) directions remain.

The reduction of kinetic energy is also accompanied by a lowering of in-
termixing and resputtering effects [39, 41], and by a stress transition from
compressive to tensile [42].

As a further example, stress values obtained for Ag under different Ne
gas pressures are shown in Fig. 9. Details of the used in-situ bending beam
technique are described in ref. [42]. Under UHV conditions and at low Ne
pressure, the film stress is about —0.6 GPa. With increasing pressure a steep
compressive-to-tensile transition occurs at about 0.1 mbar and tensile stress
of 40.15 GPa is reached. One can see that depending on the desired condi-
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UHV 0.1 mbar 0.25 mbar

Fig. 8. Change of the Permalloy thin film texture, depending on the Ar gas pressure
during PLD at room temperature

tions, films with compressive or tensile stress, or even stress-free films can be
grown by PLD by simply changing the background inert gas pressure during
deposition.

0,4 T T T T T T T T

0,24 E

0,0 ﬂ

_0’27 4

-0,44 » 1

stress [GPa]

-0,6 1 ]

-0,8 T T T T T T
1E-8 1E-6 1E-4 0,01 1

Ne pressure [mbar]

T

Fig. 9. Change of stress of Ag films laser deposited at different Ne gas pressures

It is also possible to reduce bulk defects and intermixing at interfaces,
if desired. The kinetic energy of the deposited particles has to be reduced
by the inert gas to such an extent that it is below the threshold for bulk
atom displacements (about 25 €V in the case of most metals). Under such
conditions, implantation of particles into the growing film is minimized while
at the same time having enough energy for structural displacements at the
film surface and increased surface mobility. This can be achieved with Ar gas
using a pressure of about 0.04 mbar and with He at about 0.1 mbar. Under
these conditions, multilayers with much sharper interfaces can be prepared,
as has been tested in the case of the Fe/Ag system [39].
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The change of interface roughness strongly influences the properties of
multilayers. As was shown earlier, for instance the giant magneto resistance
of Py/Ag multilayers [43] and the x-ray reflectivities of NiggFezq/MgO multi-
layers [37] are drastically changed, when preparing the samples in UHV and
in Ar gas atmosphere, respectively.

4 Conclusions

Since the breakthrough of the PLD technique due to the work of Dijkkamp in
1986 all kinds of materials were prepared by this method. The stoichiometry
transfer between target and substrate and the possibility of working in UHV
as well as in different reactive and inert gas atmospheres are particularly at-
tractive features of PLD. That the kinetic energy of the deposited ions lies in
the range of about 100 eV, is also of interest due to the possibility of prepar-
ing new systems far away from equilibrium (supersaturated binary systems,
nanocrystalline materials, metastable alloys, ...). Furthermore, using an inert
gas pressure makes this method versatile, because the energy of the deposited
particles is a free parameter to play with. Energy may be reduced and ad-
justed for special purposes. For instance, an adjustment of texture, stress or
interface roughness can be obtained. The possibility of additionally changing
laser features, such as wavelength, repetition rate, pulse length, fluence and
target-to-substrate distance, and the deposition conditions, such as substrate
temperature and substrate orientation with repect to the deposited material,
further demonstrates the enormous versatility of PLD.
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