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Atom probe analysis of planar multilayer structures
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Atom probe field ion microscopy has been used to analyze a planar-deposited layered structure in
plan view. The specimens were prepared with a newly developed method that involves a
combination of photolithography and focused ion-beam milling. A multilayer structure consisting of
$Ta/CoFe/~Cu/CoFe!15/Ru/~CoFe/Ru!5 /Ru/NiFe% was sputter deposited for use as a test stack. The
corresponding thicknesses of these layers were 7/13~3/3!/50/~3/1!/50/150 nm. The nanometer-scale
periodicity of the Cu/CoFe stack is readily apparent in transmission electron microscopy images of
a field ion specimen fabricated from this material, suggesting that the specimen preparation
procedure does not lead to destruction of the multilayer structure. Atom probe analysis of the bulk
NiFe layer and the Ru/NiFe interface revealed the distribution of impurity atoms in the film, and
these may affect the magnetic properties of the multilayers. Whereas a uniform distribution of C, N
and Ar was observed, segregation of O was observed in the NiFe layer within;0.25 nm of the
interphase interface, with a concentration greater than 20 times that found in the bulk of the NiFe
layer. © 2000 American Institute of Physics.@S0021-8979~00!17308-6#
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INTRODUCTION

Artificial multilayer film ~MLF! structures are an inte
gral part of advanced magnetic sensors such as spin v
magnetoresistive elements.1 The interfaces between the ind
vidual layers in spin valves influence the magnitude of
giant magnetoresistive effect. Structural characteriza
with high spatial resolution, especially at layer interfac
can assist in the optimization of device performance w
respect to processing and operating conditions. There
crucial need for characterization techniques that can a
rately map the composition of these layers, and their in
faces, at the near-atomic scale.

Atom probe field ion microscopy~APFIM!2 is one tech-
nique that has the capability to characterize the local st
ture and composition of multilayer film devices with suf
ciently high spatial resolution. However, specim
preparation for APFIM of MLF materials is challenging
since a suitable specimen essentially consists of a sha
pointed needle~tip radius,50 nm! containing the layers o
interest on the end of the needle. Previously, atom pr
field ion microscopy research has been limited to lay
which have been sputtered onto a previously evaporated
ion specimen3–5 or planar-deposited structures with laye
oriented parallel to the direction of the analysis.6,7 The
present work reports atom probe analyses of plan
deposited multilayer structures from specimens fabrica
with the layers in plan view at the apex of the specimen.

a!Electronic mail: david–j–larson@notes.seagate.com
5980021-8979/2000/87(9)/5989/3/$17.00
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EXPERIMENT

Field ion microscopy was performed in;131023 Pa of
Ne. Three-dimensional atom probe analysis was perform
in an energy-compensated optical position-sensitive a
probe at a pressure of;531029 Pa with a pulse fraction of
20% and a pulse repetition rate of 1500 Hz. The specim
temperature was;60 K for both the field ion microscopy
and atom probe analyses. All compositions are given
atomic percent and all error bar measurements are give
1s.

A multilayer structure consisting of $Ta/CoFe/
~Cu/CoFe!315/Ru~CoFe/Ru!35/Ru/NiFe% having layer
thicknesses of 7/13/~3/3!/50~3/1!/50/150 nm was deposite
using a dc magnetron sputtering system~base pressure;5
31026 Pa! onto low resistivity (r;0.05V cm! silicon
~100! substrates. The low resistivity substrate allowed
samples to transmit the high voltage pulses required for a
probe analysis.8 Films were typically deposited in
2 – 5 mTorr (2.7– 6.731021 Pa) of Ar at a rate of 0.1–0.2
nm/s. Small variations in these conditions were used to
sure optimum deposition conditions in each layer.

Prior to deposition, the substrate was lithographica
patterned and partially etched into high aspect ratio po
;4 mm3;4 mm3;100mm tall. Following deposition,
the posts were removed from the wafer by fracturing th
near the base and then attaching them~with Ag-based epoxy!
to metallic needles to facilitate further handling. This spe
men fabrication process has several advantages compar
previous methods3–7 including the fact that~1! the layers are
deposited onto a planar substrate,~2! numerous specimen
9 © 2000 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.
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can be fabricated simultaneously, and~3! specimens can be
easily annealed directly on the wafer.

RESULTS

The specimens were sharpened with annular focu
ion-beam milling9,10 into the needle geometry2 required for
atom probe analysis, as shown in Fig. 1. A thick~380 nm!
test stack structure was fabricated in order to ensure th
portion of the stack would remain unmilled on the apex
the specimen after focused ion-beam milling.

The feasibility of fabricating the desired specimen g
ometry is demonstrated by Fig. 1, which shows a sharp~;30
nm radius! field-ion specimen in an orientation normal to
planar surface and sharpened such that the apex is for
from a region within;50 nm of that surface. The clearl
apparent Cu/CoFe layered structure near the base of the
in Fig. 1 suggests that deposition onto a small flat surf
~;10 mm2! does not adversely affect layer quality.

A field ion image of the fine-grained NiFe layer is show
in plan view, Fig. 2. This layer is positioned at the specim
apex in Fig. 1. Atom probe analysis may be performed at
point in this image, as shown in Fig. 2. The average com
sition of the NiFe layer shown in Fig. 2, from all of th
measurements denoted in Fig. 2, was 82.360.5% Ni-17.45
60.5% Fe-0.1660.06% C-0.0960.04% O~with no signifi-
cant Ga detected!. This compares well with the nominal ta
get composition of 82.6% Ni-17.4% Fe and with x-ra
photoelectron spectroscopy measurements of 82.5%
17.5% Fe.

The interface between the NiFe cap layer and the un
lying Ru layer was analyzed by atom probe analysis,
shown in Fig. 3~a! ~the orientation is reversed from that
Fig. 1!. The Ru atoms are denoted by large, dark spheres
Ni atoms by small, light spheres and the Fe atoms by sm
dark spheres. A projection of a reconstructed volume w
dimensions 1231234 nm shows the spatial distribution o
the impurity elements O~light! and C~dark! @Fig. 3~b!# and
N ~light! and Ar ~dark! @Fig. 3~c!#. A larger extent of the Ru

FIG. 1. Field ion specimen which contains a portion of the 380
multilayer film structure prepared by focused ion-beam milling.
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layer is not contained in this reconstruction due to sam
fracturing during the analysis. At a distance greater than;2
nm from the NiFe/Ru interface, the average composition
the NiFe layer was 81.760.5% Ni-17.560.5% Fe-0.14
60.05% Ru-0.1360.04% O-0.1160.04% C-0.09
60.04% Ga-0.1160.04% Ar-0.0560.03% N. These
atom probe data provide quantification of the concentrat
of impurity elements, including Ar, incorporated into th
films during the deposition~and subsequent processing step!
and include the position of these impurities with respect
the interfaces. The concentration of the various elements
responding to the reconstruction in Fig. 3 may be quantifi
in a compositional profile with the abscissa approximat
normal to the interface plane, as shown in Fig. 4.

The apparent width of the NiFe/Ru interface~10%–
90%! is ;0.5 nm at the position of this composition profil
However, significant Ru is detected to a depth of;1 nm in
the NiFe layer, as shown in Fig. 4.

FIG. 2. Field ion micrograph of the apex region of a specimen similar to
one shown in Fig. 1 which shows a portion of the NiFe layer. Compositio
analyses were obtained at the three points indicated.

FIG. 3. Three-dimensional atom probe analysis of an interface betw
NiFe and Ru layers showing the distribution of~a! Ni, Fe and Ru atoms,~b!
C and O atoms and~c! N and Ar atoms.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.



o-
im
ns
ve

g
v

ta
ve
th

n

es

in
a
in
e
Ar

to
o-
-
r
t
nc
ur
d
he

ac
th

ed.
ties
the
si-

s
am

ay
ion
this
yer
en

tack
al-

Ga

r.
nd

as
US
and
ate
n-
US

ith
RE
ith
on-
ent
.

P.

re-

y,

ta

.

,

c-

in
iF

5991J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Larson et al.
It is known that field ion specimens fabricated by f
cused ion-beam methods can suffer from the effects of
planted Ga ions.9 The Ga concentration in the specime
referred to in Figs. 2–4 was less than 0.1% Ga. Howe
several other atom probe samples contained up to;10% Ga
~near the apex region!, which suggests excessive imagin
with the focused ion beam during sample fabrication. Pre
ous work has shown that layered structures can be to
destroyed by heavy focused ion-beam imaging, but at le
of ;1% Ga or less, the layers are typically visible in bo
field ion images and atom probe analysis.6,10 Clearly, care
must be taken to ensure that heavy Ga implantation does
significantly modify the multilayer structure.

Gas incorporation into a growing film structure vari
with parameters such as gas pressure.11 Atom probe analysis
can provide concentrations of gas atoms incorporated
thin films as well as the spatial distribution of these g
atoms. The data shown in Figs. 3 and 4 indicate that a m
mal amount of Ar~;0.1% Ar! has been incorporated into th
NiFe film and into the NiFe/Ru interface and that the
distribution exhibits no interfacial segregation.

The distribution of impurities that are incorporated in
thin films during deposition may also influence film micr
structures. A relatively uniform distribution of C and N im
purities is indicated in Figs. 3 and 4; however O has seg
gated to the NiFe edge of the interface. There is interes
the interfacial concentrations of O in giant magnetoresista
structures because O has been proposed for use as a s
tant in these structures.12 The concentration of O measure
over a;0.25 nm region positioned on the NiFe edge of t
NiFe/Ru interface is;2.961.2%O, which is more than a
factor of 20 greater than that measured in the bulk.

The enhanced O concentration at the NiFe/Ru interf
may arise due to adsorption during the brief pause in

FIG. 4. Compositional profile of impurity elements across the NiFe/Ru
terface shown in Fig. 3. The profile shows a small Ru presence in the N
near the interface and O segregation at the interface.
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deposition process while sputtering targets were switch
Oxygen is more reactive than the other detected impuri
and the exposed Ru surface may have oxidized during
switch to NiFe deposition conditions. There is also a pos
bility, but very unlikely for Ar, that defects and impuritie
were incorporated into the samples during focused ion-be
milling.

This work demonstrates that atom probe analyses m
be obtained from planar-deposited multilayers in a direct
normal to the stack and demonstrates the feasibility of
characterization technique for these nanoscale multila
structures. Future work includes refinement of the specim
preparation technique to enable accurate positioning of s
regions for atom probe analysis and employment of a du
beam focused ion-beam instrument in order to minimize
implantation and damage.
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