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The characterisation of thin magnetostrictive multilayers in the nanometerscale range [(4,5nmTbyoFego/

9nmFe) x 100] demands a surface sensitive analytical technique. A suitable technique is scanning Auger Electron Spec-

troscopy (AES) to determine the elemental composition, the thickness, the presence of interdiffusion between thin layers,

or the presence of contamination at interfaces.Auger sputter depth profiles are obtained by using Xe-Ion bombardment

to etch the sample.Sample rotation during sputtering produces shallow craters, minimises roughening and enhances

depth resolution. In addition, Auger maps of the craters are used to reveal the separated magnetostrictive ThyoFego

layers and soft magnetic Fe layers.
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I. INTRODUCTION

The development of magnetostrictive films which
exhibit high magnetostriction combined with soft
magnetic properties was driven by the need for suit-
able microactuator materials.!=3] Sputter-deposited
magnetostrictive thin films are suitable for the realisa-
tion of microactuators like, e.g., microfluidic devices,
micromotors, laser scanner mirrors etc. In previous in-
vestigations it was found that (TbyoFegy/Fe-Co) mul-
tilayers represent promising thin film materials with
respect to their unique combination of soft magnetic
and giant magnetostrictive properties in comparison

to single layer films.[®!

The thermal stability of magnetostrictive films is
an important feature essential for the function of mi-
croactuators in real world environment. Therefore the
films were annealed up to 480°C in order to investigate
at which temperature the multilayered structure of the
films is destroyed. Furthermore, the magnetic and the
magnetostrictive properties depend also strongly on
the chemical state of the layers, which can be altered

by heat treatments.

The characterisation of thin films in the nanome-
ter range with respect to the elemental composition
is performed using an analytical technique with low
information depth. A suitable analytical technique is
Auger Electron Spectroscopy (AES).The low escape
depth of the Auger electrons gives this technique its

surface sensitivity.!*

Scanning the electron beam across the sample sur-
face generates Secondary (SE) and Auger (AE) elec-
trons. SE images provide a topographic view by de-
tecting low energy electrons. Auger maps, obtained by
measuring the emitted Auger electron intensity reveal
the lateral distribution of an element.

Additional information can be obtained by using
nobel gas ions to sputter etch the sample. Such sput-
ter etching erodes the sample in a controlled manner
and is typically performed with Ar or Xe ions. A
sputter depth profile, which plots the Auger signal as
a function of sputter time, shows elemental concentra-
tions as a function of sample depth.This technique is
particularly effective for thin film analysis and for solv-
ing material problems which require identifying: the
thickness of a layer, the composition of a thin film, the
presence of interdiffusion between layers or the pres-
ence of contamination at an interface between layers.

To improve depth profiling, a technique was de-
veloped (known as Zalar Rotation™) where the sam-
ple is rotated during sputtering.! Rotation achieves
more uniform etching, which minimises surface rough-
ening, reduces cone formation and enhances interface
resolution(Fig.1).

Shallow craters can be produced by scanning a
defocused ion beam over a small area during sam-
ple rotation.l’] Therefore inclination angles of only a

few degrees are obtained. As a result, layers of some
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nanometer thickness are “expanded” to up to a mi-
crometer width(Fig.2).

Sample rotation

Xenon ions

Fig.1. Schematic cross section of a Xe-sputter etched
crater in a multilayer system. The sample is rotated

during sputtering under inclined ion incidence.
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Fig.2.

nanometer thick layers to microscale range on a shal-

Schematic sketch showing the expansion of
low crater wall.

These shallow craters offer the additional possi-
bility to investigate nanoscale layers by AES scan-
ning equipment without very high lateral resolution.
Therefore, Auger maps reveal visually thickness, com-
position, diffusion and contamination at interfaces
of the nanometerscale layers in the crater. The
crater created by this method in a Mo/Fe multilayer
system!®! could be analysed by applying scanning force

microscope.
I. EXPERIMENTAL

The (4.5nm TbygFego/9nm Fe)x100 multilayer
film was magnetron sputtered onto a Si (100) sub-
strate using a modified Leybold Z 550 device with al-
loy targets in a rotary turn table technique. The base
pressure was 5x107°Pa and the Ar pressure 0.4Pa.
Annealing of the multilayers was performed at 270°C
or 480°C in a high vacuum furnace.

The total thickness was determined by a sur-
face profiler. The single layer thicknesses were ad-
justed by the sputtering time using a known deposi-
tion rate. High resolution TEM micrographs verified
AES mea-

surements were performed using a PHI 600 Scanning

the measured and calculated thickness.

Auger Microprobe (SAM) system with a base pres-
sure < 1 x 10~ ?mbar in the analysis chamber. For
AES measurements the primary beam energy was set
to E,=5kV or 10kV, respectively. The primary beam
current was held at I,=500nA for profiles, I,=100nA
for element maps and I,=0.1nA for SE images. The
angle of incidence of the primary electron beam was
30° with respect to the sample surface. In order to
minimise the influence of the electron radiation on the
sample, the profiles were recorded in the defocused
mode with a beam size of approximately 10um. Sec-
ondary electron images (beam size <20nm) and Auger
element images (beam size ~#400nm) were mapped in
the scanning mode with a focused primary electron
beam.

The energy resolution of the cylindrical mirror
analyser was set to 0.6% for the kinetic energy of
the Auger electrons. The following Auger transi-
tions for Auger depth profiles and Auger element im-
ages were used: Tbh=150eV, Fe=705eV, O=510eV and
C=275eV.

Quantification was performed empirically by the
use of similar standard layers with known composi-
tion. To etch the samples during rotation a differen-
tially pumped duoplasmatron microbeam ion gun was
used. During depth profiling craters were created by
bombarding the sample with Xe ions under an angle
of incidence of 45° with respect to the sample surface.
The ion beam current approached 8nA with an ion
energy of 3kV.

The ion beam was defocused to a beam size of ap-
proximately 200um. As a result shallow craters were
produced by scanning the relatively large defocused
ion beam over a relatively small rectangular area of
500pmx500pum during sample rotation (1rpm). The
inclination of the wall of the created crater was ~ 1°
with respect to the sample surface, corresponding to
an expansion of >2000 (9nm Fe layer was expanded
up to 20um). A calibration of the sputter etch rates
was not required because the thickness of the layers

was known.

II. RESULTS AND DISCUSSION

A. Auger depth profiles

Auger depth profiles of a multilayer system with
the uppermost 4.5nm TbyoFegq layers and 9nm Fe lay-
ers are presented in Fig.3(a) room temperature (b) af-
ter 270°C annealing temperature (c) after 480°C an-

nealing temperature. The samples were etched by Xe
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ions during sample rotation.The scaled atomic concen-
tration of O KLL, Tb MNN and Fe LMM have been
plotted as a function of sputter time. The sputter rate
calculated is &4nm/min. It can be seen from Fig.3(a)
that the time required for sputtering oxygen is very
short, which indicates a normal adsorption layer on
The quantitative profiles of Fe and Tb

show a clear separation of the single layers with sharp

the surface.
interfaces. The composition of the single layers are
close to stoichiometric ThyoFegg and Fe, respectively.
The small increase of the interface width at the end

of the profiles is influenced by Xe ion bombardment
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Fig.3. Quantitative Auger depth profiles (Xe bom-
bardment) of a magnetostrictive 4.5nm ThyoFego/9nm
Fe multilayer, obtained during sample rotation (a)
room temperature (b) after annealing at 270°C (c)

after annealing at 480°C.

and not by interdiffusion between the Fe layers and
the TbFe layers. The Auger depth profiles of the sam-
ple annealed at 270°C show similar results (Fig.3(b))
Only the O pro-

file reveals a thicker oxygen layer of about 2nm at

as the room temperature sample.

the surface which results from the uptake of O dur-
ing annealing. The Auger depth profiles of the sample
annealed at 480°C (Fig.3(c)) are significant different
to the profiles of the samples annealed at 270°C and
at room temperature, respectively. Two characteris-
tic regions could be distinguished in the profiles. The
first one comprises the uppermost four layers with an
oxygen content in the TbFe layers. It can be seen
that the oxygen coming from the residual gas diffuses
through the top Fe layer into the first TbFe layer be-
low and through the second Fe layer to the next ThFe
layer while oxidising only the TbFe layers.The oxygen
amount within the uppermost TbFe layer is higher
than in the TbFe layer below and depends on the dif-
fusion velocity of oxygen driven by the oxygen affinity
to the rare earth element Tb in the TbFe layers. The
The

second region below the uppermost four layers reveals

oxidised TbFe layers act as a diffusion barrier.

interdiffusion between TbFe and Fe layers. Mainly Fe
diffuses within the TbFe layers and changes the stoi-
chometry dramatically up to about ThygFegq, accom-
panied by a Tb diffusion within the Fe layers. In this
region, broader interfaces can be observed between the
Undoubtedly,

the oxygen amount in this region is too low to form

intermixed Fe layers and TbFe layers.

oxidised TbFe diffusion barriers which would prevent
interactions. Hence, it follows that the TbFe/Fe mul-
tilayers are stable at least up to annealing temper-
atures of about 300°C, whereas annealing at 480°C

leads to a degradation of the multilayer.

B. Auger element images and secondary elec-

tron images

The Auger element images and the SE images
measured in the shallow craters show the 4.5nm ThFe
layers and 9nm Fe layers expanded to microscale
ranges of about 10um for the ThFe layers and 20um
for the Fe layers, respectively. Auger element images of
Fe, Tb and O as well as the secondary electron image
of the sample at room temperature are presented in
Fig.4. It can be seen that in the crater the TbFe lay-
ers are clearly separated from the Fe layers. Oxygen is
detected outside the crater and reveals a normal oxide
layer on the surface. These results are in good agree-

ment with the Auger depth profiling analysis of the
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sample.

Fig.4. Images of a sputter crater produced by in-
clined Xe bombardment and sample rotation show-
ing the uppermost 10 layers of 100 layers of a 4.5nm
TbyoFego/9nm Fe multilayer system at room tempera-
ture (a) secondary electron image, (b) Fe Auger image

(c) Tb Auger image and (d) O Auger image

Fig.5. Images of a sputter crater produced by in-
clined Xe bombardment and sample rotation show-
ing the uppermost 10 layers of 100 layers of a
4.5nm TbyoFego/9nm Fe multilayer system annealed
at 480°C, (a) secondary electron image, (b) Fe Auger
image, (c) Th Auger image and (d) O Auger image
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The Auger element images of Th, Fe, O and also
the secondary electron image of the sample annealed
at 480°C are shown in Fig.5. The two characteristic
regions can be distinguished also in the images on the
crater wall. The upper region shows the separated
layers without diffusion,which is prevented by the ox-
idised TbFe layers, while the lower region shows TbhFe
layer and Fe layer intermixing by diffusion. The Auger
element images in these craters reveal the layer thick-
ness, the presence of interdiffusion between the layers
and the presence of contamination at interfaces and

layers.

IV. CONCLUSIONS

Scanning Auger Electron Spectroscopy is a use-
ful method for the characterisation of multilayer sys-
tems. Sample rotation during ion sputtering improves
depth resolution by minimising surface roughening.
In the shallow craters produced by inclined ion bom-
bardment during sample rotation the nanometerscale
layers are expanded laterally to the microscale range.
Auger investigations in shallow craters offer additional
analytical possibilities to demonstrate the chemical

compostion in nanometer thick layers.
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