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ABSTRACT The measurement of thickness profiles of films
(Co, Ag, Pt) with an ellipsometer, and the time-of-flight measurement, were used to investigate the spatial distribution of
laser-ablated Co, Ag and Pt particles. Near a target, the spatial distribution shows the material dependence: it was observed
that Co has the broadest distribution, and Ag has the narrowest distribution. However, at a distance far from the target, the
distribution becomes independent of the materials. The time-offlight measurement reveals that the kinetic energy distribution of
ions is anisotropic and Co has a less anisotropic distribution than
Ag. This study leads us to the optimum conditions for the fabrication of nm multi-layer (ML) films with good quality, which
was confirmed by the fabrication of Co/Pt nm ML films.
PACS 52.50Jm;

52.70.Nc; 81.15.Fg; 81.16.Mk; 68.65.Ac

Hence, the investigation of the spatial distribution of
plumes and the properties of films [1–11] has continued
to such problems of PLD but few papers reported the fabrication of high quality multiplayer film by PLD. Jeon
et al. [11] reported that a 25.4 mm × 25.4 mm multi-layer
film with an excellent layer thickness uniformity both in
perpendicular and parallel directions could be fabricated
by a normal incidence PLD (NIPLD) method. High quality Fe/Mn ML films of 25.4 mm × 25.4 mm were fabricated by NIPLD, which was possible only when the substrates were placed at a specific position. This fact indicates that there are optimized deposition conditions to fabricate high quality thin ML films. Therefore, in this study
we further investigate the spatial distribution and kinetic
energy distribution of the ablated particles for different
materials.
2
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Introduction

Despite its advantages over other physical vapor
deposition methods, including the stoichiometric transfer
from a multi-component target to the growing film, the ability
to deposit in high pressures of reactive gases, and the simplicity of its system, pulsed laser deposition (PLD) [1, 2] has two
critical problems that cannot easily be solved: the generation
of large particulates, and the non-uniformity of film properties
over a deposited area, including the thickness non-uniformity.
Because the dimension of a laser-produced plasma (plume)
perpendicular to a target surface is generally much smaller
than the parallel dimension and the larger pressure gradient
is in the direction of the perpendicular dimension, plasma
particles are accelerated more rapidly in the perpendicular
direction, and plasma becomes elongated in that direction.
This anisotropic expansion of the plasma leads to the forwardpeaked nature in which most of the ablated particles are directed perpendicularly to the target surface [1–4], resulting in
the thickness non-uniformity in PLD. This characteristic is especially bad in the fabrication of multi-layer (ML) structures,
where perpendicular as well as parallel (lateral) uniformity in
thickness is demanded.
u Fax: +82-54/279-3099, E-mail: kimd@postech.ac.kr

Experiment

The basic experimental setup consists of a doubled Nd:YAG laser (532 nm, pulse width of 5 ns FWHM at
a repetition rate of 10 Hz) which illuminates a metal target at
normal incidence with an elliptical spot area of a 4 mm vertical major axis and a 2 mm horizontal minor axis, and a vacuum chamber with a base pressure of 2 × 10−6 Torr. The laser
fluence used in this experiment ranges from 1.1 – 1.9 J/cm2 .
The same laser fluence was used for each material for a fair
comparison. A target was placed on a rotating holder that
oscillates across the laser beam. Further details on a target
manipulation system and the optical setup can be found elsewhere [11].
To study the material dependence of spatial distribution,
the profiles were obtained for Co, Ag and Pt, which have been
extensively used to fabricate multi-layer films or alloy films
with a magnetic property. A schematic diagram of the experimental apparatus inside the vacuum chamber is shown in
Fig. 1. The distance X is measured from the normal at the center of a target to its surface, along which the laser beam is
incident. The target-to-substrate distance ( D) was varied from
40 – 110 mm by a step of 35 mm. A Si substrate with a width
of 20 mm and a length of 80 mm was placed just below and as
close as possible to the beam to a degree that it did not block
the laser beam. The beam size was changing due to the focusing optics. Hence, the gap between the upper edge of the
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FIGURE 1

Schematic diagram of experimental setup

substrate and the center of the laser beam was different for
the different distances of the substrate from a target. The maximum gap was less than 1.6 mm. However, the difference in
the gaps was less than 1 mm in this experimental geometry.
The thickness profile of a deposited film was measured
using an ellipsometer to obtain the spatial distribution of particles. The width of a scanning beam in the ellipsometer for
the thickness profile measurement was about 5 mm, so that
the thickness profile presented in this paper was averaged over
such a width from the upper edge. This average makes the possible effect of the different gaps at different distances on the
thickness profile negligible.
The maximum thickness at the center of the substrate was
calibrated using a quartz-crystal microbalance as a thickness
monitor. The thickness monitor was positioned above the center of the substrate. The number of laser shots was varied for
different cases so that the thickness of films deposited was
more or less of the same order. For example, at D = 40 mm,
the number of laser shots was about 1000, but at D = 110 mm,
it was more than 10 000. Analysis was made with normalized
profiles.
During the course of this investigation, it was found via
SEM measurement and thickness profile measurement that
the thickness profiles of films do not change after the several
thousand shots of laser pulses. All the data presented in this
paper were taken after such a target surface conditioning by
laser shots. The conditioning of a target surface also serves to
remove any contaminant from the surface.
The inset in Fig. 1 is a schematic diagram for measurement
of the kinetic energy distributions of ions by the time-offlight (TOF) method [12–16]. The Langmuir probe was used
as a detector. Each probe was a circular tantalum plate with
a diameter of 5 mm, insulated on the rear side. While a measurement was made with one probe biased at −10 V, where
TOF signals were saturated, other probes, targets and the vacuum chamber were grounded. The collected current was determined from the voltage signal developed across a 0.5 Ω
resistor. Three probes were positioned on a circle with a radius
of 40 mm from the laser spot in a horizontal plane. Angles varied from 10 – 50◦ with respect to the normal of the target. At
D = 75 mm, the signals were too weak to obtain the angular
distribution of the TOF signals.

Results and discussion

Figure 2 shows the thickness profiles measured
at different target-to-substrate distances for three materials.
At a glance, the thickness profiles broaden, as a substrate is
placed further away from a target (Fig. 2a). The angular distribution is, however, almost maintained at the angles of within
30◦ for each material (Fig. 2b), which indicates that there are
few collisions between the ablated and ambient particles in the
expansion region. A closer look reveals the dependence of the
distribution on materials.
At D = 40 mm and D = 75 mm in Fig. 2a, the spatial distribution is broadest for Co and narrowest for Ag. As noted in
Table 1 [17], Co is lightest and Pt heaviest in atomic weight.
There have been reports [18–21] that the spatial distribution is
getting broader for lighter species in the case of the deposition
from alloy targets, including binary targets or the deposition
under the ambient gas pressure (> 10−4 Torr), and there are
reports [3, 4] that the spatial distribution relates to the melting
point of ablated species: the spatial distribution of the ablated
particles is getting sharper as the plasma temperature gets
higher [3], and materials with a broad angular distribution are
characterized by a low evaporation threshold and large ejection of materials [4]. Considering the material properties in
Table 1 [17], the above observations explain that Co particles
have a broader distribution than Pt, but do not explain that the
spatial distribution of Ag is narrowest because Ag is lighter
than Pt and most easily ejected, as shown in Fig. 3 (the TOF
signal of Ag is strongest).
The angular distribution of ablated particles has been characterized by cosn θ [7, 24]. The angular distributions shown in
Fig. 2b were fit by cosn θ , and the values of the exponent n
are summarized in Table 2. These numbers for Co and Pt are
in a similar range to those observed for Cu [24]. It is interesting to note that the spatial distribution becomes independent
of material beyond D = 110 mm.
In Fig. 4a, the TOF signals of Ag and Pt ions show that the
peak velocity of a signal gets smaller with angle, which indicates that the velocity distribution of the expanding particles
is anisotropic. On the other hand, the peak velocities of the

Material

Mass
(g/mol)

Melting point
(◦ C)

Boiling point
(◦ C)

Co
Ag
Pt

58.93
107.87
195.08

1495
961.8
1784

2924
2162
3825

TABLE 1

Physical properties of Co, Ag and Pt

Material
Co

Ag

Pt

14.2 ± 0.8
11.4 ± 0.4
19.9 ± 0.4

23.5 ± 1.2
23.0 ± 0.4
18.5 ± 0.7

17.3 ± 0.6
20.0 ± 1.2
19.9 ± 0.4

Distance (mm)
40
75
110

The values of the exponent n of cosn for different materials. The
angular distributions shown in Fig. 2b were fit by cosn θ. The laser fluence
was 1.1 J/cm2
TABLE 2
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FIGURE 2 Thickness profiles at a laser fluence of 1.1 J/cm2 . a Comparison between materials at a given distance (Ag: solid square, Co: open circle, Pt:
solid triangle), b comparison between distance for a given material (D = 40 mm: solid square, D = 75 mm: open circle, D = 110 mm: solid triangle, θ =
tan−1 (X/D))

signals of Co ions are the same for different angles, although
the peak intensity decreases with angle, as is more clearly
seen in Fig. 4b. Figure 4b shows the kinetic energy distributions obtained from the TOF signals with an assumption that
most of the ions are singly ionized and mono-atomic [13–16],
which has been confirmed for UV laser light [22, 23]. The
number of Ag ions with high kinetic energies (> 100 eV) decreases sharply with angle, as reported elsewhere [12, 15, 25],
while that of Co ions with high kinetic energies decreases as
slowly as that with low kinetic energies (< 100 eV). Co has
less anisotropic energy distribution than Ag, which shows the
similarity to the observed neutral particle distribution (Fig. 2)
and that the thickness profile of the Co film is broader than
that of the Ag film, indicating that the anisotropic velocity distribution of the expanding ions may be closely related to the
forward-peaked nature of PLD.
The thickness profiles of the Co film did not change
much with the laser fluence between 1.1 J/cm2 and 1.9 J/cm2 ,
which we have ordinarily used for the fabrication of metal
multi-layer films, as it was reported that the profiles are
insensitive to laser fluence when the change of fluence is
small [1, 2, 4, 7, 21, 24].
In the case of Pt, it was difficult to obtain the angular distribution of TOF signals in the range at a fluence of 1.1 J/cm2

because of its high melting point, but as shown in Fig. 4, at
a fluence of 1.9 J/cm2 , the peak velocities of TOF signals and
the kinetic energy distributions of Pt vary similarly to those of
Ag with angle.

TOF signals for a laser fluence of a 1.9 J/cm2 and b 1.1 J/cm2
(D = 40 mm). Arrows indicate the fastest peak among TOF signals
FIGURE 3
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a TOF signals, and b kinetic energy distributions at three angles for a laser fluence of 1.9 J/cm2 (D = 40 mm, Ag: top, Co: middle, Pt: bottom).
Arrows indicate the peak position of TOF signals

FIGURE 4

With respect to the fabrication of a ML film, the position of D = 40 mm was considered not to be good because,
as shown in Fig. 2a, most of the particles exist between
X = −10 mm and X = 10 mm, and are highly energetic (as
shown in Fig. 4b) to damage the film. This characteristic implies a difficulty in fabricating a ML film with good uniformity and smoothness over a large area, such as 25.4 mm ×
25.4 mm. In this case, the rotation center of a substrate holder
(the rotation of a substrate is necessary to obtain better lateral
uniformity of a film) is placed at X > 10 mm, and the particle
distribution is concentrated between X = −10 mm and 10 mm
so that the rotation of the substrate does not guarantee uniform
coverage of the materials over a substrate. In the case of fabricating a smaller-diameter sample (i.e. 10 mm dia.), a uniform
ML film may be fabricated with the rotation center closer to
the laser beam axis (X ∼ 5 mm).
At the position of D = 110 mm, the thickness profile is
broad and independent of the material, but it may take too
long to fabricate a film with the same thickness as that at the
position of D = 75 mm. Therefore, for a ML film with a high
quality of uniformity over a large area, such as 25.4 mm ×
25.4 mm, it is suggested that a center of substrate is placed
near X = 20 mm and D = 75 mm, where (as shown in Fig. 2)
the thickness profile of film drops linearly and the rotation of
the substrate leads to uniform thickness of the film.

Co/Pt ML films have been fabricated. Their structure was
characterized by a small-angle X-ray scattering (SAXS) using
Cu K α radiation at 0.154 nm. Figure 5 shows the SAXS data
(open circle) of ML films, which reveal Bragg peaks (marked
by arrows) and Kiessig fringes (secondary peaks between
Bragg peaks). The ML films for Fig. 5a–c have 15 bi-layers,
and the ML film for Fig. 5d has 10 bi-layers. As a rule of
thumb, the angular position θ of a Bragg peak is related to the
bi-layer thickness, d as follows: 2d sin θ = nλ, where the angle
θ is measured from the film surface, n is the number of order,
and λ is the wavelength of the X-ray, i.e. 0.154 nm. For a given
order, the thinner the film, the larger the Bragg peak position.
Only one Bragg peak in Fig. 5a is observed for a given angular
scan, because the thickness of the film is very thin. The angular
positions of Bragg peaks provide information on the thickness of a bi-layer. Kiessig or secondary peaks are related to the
overall structure of a film: the better defined the ML structure
is, the more pronounced are the Kiessig peaks [26, 27]. The
sharp Bragg peaks and clear Kiessig peaks indicate that the ML
structure was well formed, and further, that the layer thickness
is uniform in directions both perpendicular and parallel to the
surface, and that the interface roughness is small [11]. The fitting (solid line) was done using the dynamical X-ray scattering
theory [26, 27], proving that the thickness of Co and Pt layer
are of a nanometer range.

KANG et al.

Spatial and energy distribution of Co, Ag and Pt particles in pulsed laser deposition

453

This study clearly shows that there is an optimum position
of the substrate for the fabrication of ML films with a high
quality of uniformity and smoothness, confirmed by the fabrication of Co/Pt ML nm films with excellent quality.
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