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Sputtered (TbCo, 5 25 nm/Fe 20 nm) multilayers have been analyzed by laser-assisted tomographic
atom probe. It allowed us to perform three-dimensional reconstructions of the layers and to
determine their composition at the atomic scale. From the concentration profiles inside the
multilayer, we show that the diffused interfaces are not symmetric and that a stronger Fe-Co mixing
is present at the top of the crystalline iron layers as compared to the top of amorphous TbCo layers.
© 2007 American Institute of Physics. [DOI: 10.1063/1.2761825]

I. INTRODUCTION

In recent years, nanometric multilayers were extensively
studied because of their interest for fundamental bidimen-
sional magnetism and its applications.]’2 Among them, mag-
netostrictive multilayers are active materials having the prop-
erty to be deformed when submitted to an external magnetic
field, opening the way for applications as actuators in micro-
electromechanical systems (MEMS).” Giant magnetostriction
effect at room temperature is obtained in rare earth-transition
metal (RE-TM) alloys, such as TbFe, or TbC02.479 However,
large deformation of these bulk materials requires large satu-
ration magnetic field, limiting the field of applications.
Strong reduction of the saturation field can be obtained by
exchange coupling of RE-TM amorphous alloy layers having
giant magnetostriction and soft magnetic TM alloy layers
having low anisotropy and high saturation magnetization.
Hence, high values of the magnetostrictive susceptibility
have been reported in such exchange-coupled magnetostric-
tive multilayers.lo_14

Due to the interdiffusion between layers at the interface
during the deposition process, these multilayers generally
have compositionally modulated interfaces. So, for small
layer thicknesses, the properties of these materials will
strongly depend on the interfacial/bulk thicknesses ratio in
layers and will then strongly depend on both the thickness of
the layers and the interface roughness. For instance, this was
evidenced for magnetic properties such as perpendicular
magnetic anisotropy in Fe/Tb multilayers.'s_18

Up to now, the structural and microstructural properties
of these magnetostrictive multilayers have been extensively
investigated by conventional techniques [x-ray diffraction,
transmission electron microscopy, Mossbauer spectroscopy
(including >’Fe probe monolayers), etc.]. Nevertheless, as far
as we know, no precise information about the atomic scale
compositional modulation was obtained.

To evidence the atomic-scale compositional modulation
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in these multilayers, we used the ultrahigh spatial resolution
of the tomographic atom probe (TAP)." This technique pro-
vides a powerful method by which the chemistry of the in-
terfaces can be observed at the atomic level. The principle of
the atom probe is based on ionization and evaporation of
surface atoms by field effect. The sample is a sharp needle
with end radius in the range 10-50 nm. This rounded form is
needed to achieve very high electric evaporation field (10-60
V/nm) at the surface of the specimen, which is created by
applying a positive voltage of several kilovolts to the tip. In
a conventional tomographic atom probe, the pulsed evapora-
tion of atoms is obtained by the application of high-voltage
pulses superimposed to the standing voltage. During the
measurement, the specimen is successively field-evaporated
layer by layer and the ions are collected by a position-
sensitive 2D detector, giving the spatial positions of the tip
atoms. The chemical identification of the field-evaporated
ions is carried out by a time-of-flight mass spectrometer.19
The lateral spatial resolution at the specimen surface is better
than 0.5 nm and the depth resolution is close to 0.1 nm.
These high resolutions allow investigation of metallic layers
of a few nanometers thickness in terms of both chemical
nature and atomic-scale features such as layer roughness.
Comparison with other high-resolution analytical mi-
croscopies can be found in Ref. 20.

However, multilayered materials are difficult to analyze
by conventional tomographic atom because of frequent
sample rupture during voltage pulsing. This problem can be
avoided by replacing the voltage pulse with a femtosecond
laser pulse with a limited temperature rising, avoiding sur-
face diffusion effects.”"* It was proven that both the spatial
resolution and the composition measurement are not de-
graded with this type of instrument.

So, the aim of this work is to characterize the composi-
tional modulation in (TbCo, 5 20 nm/Fe 25 nm) multilayers
at the atomic scale with a laser-assisted tomographic atomic
probe (LATAP). To obtain the tip from the multilayered
sample, we used a method described by Larson et al.,23
based on a deposition of multilayers on Si posts and then

© 2007 American Institute of Physics
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needle shaping of the posts using a focused ion beam (FIB)
device. It must be noted that the thicknesses of the layers do
not allow an efficient magnetic coupling between the layers,
but they were chosen in order to study unambiguously either
the center of layers or the interfaces.

Il. EXPERIMENT
A. Preparation of the sample

The multilayer was prepared by the rf-sputtering
method, using modified and automated Leybold Z550 equip-
ment in a clean-room environment. The substrate is a silicon
wafer patterned using standard optical lithography followed
by deep-trench reactive ion etching in order to create square
posts (width 10 um, length 100 wm). Prior to deposition,
the substrate was cleaned for 10 min in a standard H,O,
+H,S0, solution, and another 10 min in a 10% HF solution
to remove the residual contamination and silicon oxide. It
was then thoroughly rinsed using deionized water and dried
within a few minutes. Then, the Fe (25 nm thick) and TbCo
(20 nm thick) layers were deposited by sputtering a pure Fe
target and a composite TbCo, 5 target, respectively. The com-
position of this composite target was previously measured by
energy-dispersive x-ray (EDX) measurement. X-ray diffrac-
tion performed on the multilayer has shown that the Fe lay-
ers are crystallized in the bce phase, while the TbCo layers
are in amorphous state. The base pressure in the ultrahigh
vacuum chamber was below 107® mbar, and the typical
deposition pressure of the argon gas was in the 10~ mbar
range, with a rf sputtering power of 500 W, resulting in a 1
kV autopolarization. The substrates laid on a water-cooled
rotary turntable were therefore maintained at room tempera-
ture. During the deposition, the samples were oscillating un-
der the targets at a constant speed, allowing better control of
the deposition rate. Samples contain 6 periods, the top layer
being a Fe layer. Finally, the multilayer was capped with 50
nm of Cr for protection.

After deposition, the sample was needle-shaped using a
FIB device. For that, the posts were picked off the wafer and
glued to the end of a thin rod with an electrically conducting
epoxy glue. Then, a 30 keV gallium beam with current of
10-500 pA was used for milling the square-based posts with
annular patterns of decreasing inner diameter. At the end of
milling, the curvature radius was about 50 nm.

B. Laser-assisted tomographic atom probe conditions

The specimens cooled down to 80 K were analyzed in an
ultrahigh vacuum chamber at a pressure of 107
—107'° mbar. The femtosecond laser pulse system is an am-
plified ytterbium-doped laser (AMPLITUDE SYSTEM
s-pulse) with a pulse length of 350 fs at a wavelength of
1030 nm. Analyses were performed using an energy density
of =5 uJ/pulse focused onto a =0.1 mm? spot at the apex
of the specimen, with a maximum repetition rate of 10 kHz.
In these conditions, the density power is equivalent to more
than 20% of the high-voltage electrical pulse. As a result,
preferential evaporation of atoms between pulses is avoided,
ensuring no bias in composition. Details on the 3D-
reconstruction protocol can be found elsewhere.”*
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FIG. 1. SEM micrographs of a FIB needle-shaped sample of TbCo, s/Fe
multilayer deposited on a Si post substrate.

lll. RESULTS AND DISCUSSION

Figure 1 shows a scanning electron microscopy (SEM)
micrograph of the sample after machining with the FIB. The
picture gives evidence of a very nicely shaped tip with a
periodic dark and white contrast on top. This contrast is due
to the different electronic density between the layers (clear
TbCo, dark Fe layers), indicating that the multilayer emerges
from the tip apex. The number of observed bilayers corre-
sponds to that of deposition, so the overall multilayer is still
present on the post after machining. Nevertheless, the thick-
ness of each layer is difficult to estimate from this picture,
especially for the layers closest to the substrate.

The mass spectrum related to all the ions collected dur-
ing the LATAP analysis of the multilayer is shown in Fig.
2(a). As expected, Fe, Co, and Tb ions are the main detected
species in different charge states. In particular, the terbium is
mainly observed in the form of oxides, hydrides, and hydrox-
ides [Fig. 2(b)]. In addition, the observed hydrogen and oxy-
gen peaks show a slight contamination of the sample from
the residual gases (H,, H,O) from the vacuum preparation or
analysis chambers. The analysis gives also evidence of the
presence of Ga ions implanted during the needle-shaping
process. However, a localized mass spectrum shows that the
amount of Ga ions becomes negligible after a distance of
about 20 nm from the top of the tip, so that only the first
bilayer is damaged by Ga implantation. Finally, some argon
ions (less than 0.4 at %), originating from the deposition by
sputtering, are also detected in the whole analysis.

Figure 3 shows a 3D reconstruction of Tb, Co, and Fe
ions in the middle part of the multilayer, i.e., far from the Ga
ion implantation region. The reconstructed volume (16X 16
%X 36 nm?) was oriented in order to image the interfaces per-
pendicular to the plane of view. Several Fe and TbCo layers
are clearly seen, in agreement with the multilayered structure
observed by SEM. The crystallinity of the Fe layers, evi-
denced by Mossbauer spectrometry and x-ray diffraction
measurements,” cannot be revealed by the visualization of
atomic planes. This can be the case in TAP analysis when
there is a misorientation of the grain crystallographic orien-
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FIG. 2. Mass spectra related to the analysis of TbCo, 5/Fe multilayers using
the tomographicatom probe (a). Inset is the magnification in the 30-100
mass over charge range (b).

tation with respect to the tip axis.’ The reconstruction al-
lows also visualization of the interfaces between the different
layers. It is clearly seen that the interfaces at the top and the
bottom of iron layers are different. The bottom interface is
rather sharp, while the top one exhibits a stronger mixing
between Fe and Co atoms.

The concentration profiles of the elements for a
multilayer period are shown in Fig. 4. For sake of clarity,
only oxygen, iron, cobalt, and terbium elements depth pro-
files are plotted, evidence for the modulation of composition
of the multilayer. A high-purity (nearly 100 at %) is found
for the core of Fe layers. For the core of TbCo layer, the
measured Co and Tb concentrations are about 63% and 25%,
respectively, giving a Co/Tb atomic ratio of about 2.5, in
agreement with the measured composition of the sputtering
TbCo target. This layer is also composed of oxygen ions
(about 6 at % in the center of layers) and of some iron ions
(about 3 at %). The distribution of Fe ions is quite homoge-
neous in all the TbCo layer, but oxygen ions are predomi-
nantly found at the interfaces. This effect is similar to oxygen
segregation usually found at grain boundaries. The contami-
nation of TbCo layers can be explained by the high reactivity
of the rare earth (RE) with hydrogen and oxygen, which has
been discussed in the case of thin films in a review.”® A
previous TAP study had already pointed out this contamina-
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FIG. 3. Three-dimensional reconstruction of a given analyzed volume in a
TbCo, s/Fe multilayer with different depicted atoms: (a) Fe; (b) Tb (includ-
ing Tb oxides and hydrides); and (c) Co atoms. The volume was reoriented
along the normal to interfaces.

tion in sputtered Fe/Tb multilayers,27 which was also ob-
served by electron diffraction®™ or Auger electron
spectroscopy.29’30

The different layer thicknesses have been measured at
half concentration width of each element. The measured
thicknesses of Fe, Tb, and Co layers are, respectively,
24.1£0.5, 19.0+0.5, and 19.9+£0.5 nm, giving a multilayer
period of 44.3+0.5 nm, in fair agreement with the nominal
value (45 nm). This agreement points out the successful tip
preparation process as compared to other methods such as
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FIG. 4. Concentration depth profiles obtained perpendicular to the
TbCo, s/Fe film planes.
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depositing the multilayers directly onto a preformed tip
substrate.”” In the latter case, the control of the thickness of
each individual layers is difficult, because the progressive
decrease of the radius of curvature of the tip apex during
deposition induces a reduction of the thickness of successive
layers if the deposition rate is kept constant.

Different slopes of each element concentration profile
can be found at the top and the bottom of Fe layers. In
particular, the mixing between Co and Fe is stronger at the
top as compared to the bottom of Fe layers, with average
interfacial widths of 4 and 2 nm, respectively. On the other
hand, the width of the mixed Tb-Fe region is only in the 1
nm range for both interfaces but appears slightly less at the
top as compared to the bottom of Fe layers, in agreement
with previous studies on Tb/Fe multilayers.ls’]8 Such addi-
tional Co diffusion into the Fe layer was also observed by
electron energy loss spectroscopy (EELS) in the case of an-
nealed SmCo/Fe multilayers, where Co diffusion across in-
terfaces was more significant in comparison with Sm
diffusion.’’ In our case, mixing process occurring during
deposition should be the main reason for the strong Fe-Co
interdiffusion observed at only one interface. Thermal diffu-
sion of Co in Fe is known to be low at room temperature
because of small values of the coefficient diffusion, but en-
hanced diffusion has been reported in the case of thin films.
Another effect could be mixing due to collisions of the in-
coming ions with the substrate atoms during deposition of
the successive layers. The smaller and lighter Co and Fe
atoms can travel, or be knocked in/out, longer distances than
the larger and heavier Tb atoms. Sputtered Tb would contrib-
ute mostly to the momentum transfer and would be stopped
faster. It is also probable that intermixing effect is more pro-
nounced in the case of deposition on a crystalline material
constituted of the lighter atoms (i.e., on a bee Fe layer) than
in the case of an amorphous material with high proportion of
large heavy atoms (i.e., on a Tb-Co layer).

IV. CONCLUSION

This investigation has demonstrated the successful
analysis of needle-shaped TbCo, s/Fe multilayers by LATAP.
The values of the measured thickness and composition of the
layers are in good agreement with the nominal ones. The
atomic-scale reconstruction of the layers gives evidence of
no symmetrical interfaces, with an enhanced diffusion of Co
inside the top of the crystalline Fe layers as compared to the
top of the amorphous TbCo layers. A study is in progress on
multilayers with lower individual thicknesses for magneto-
strictive applications.
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