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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/CoF¢;5/RulCoFe/Rus/Ru/NiFg was sputter deposited for use as a test stack. The
corresponding thicknesses of these layers were(3/32250/(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 with2gb 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 Physids$S0021-897€00)17308-4

INTRODUCTION EXPERIMENT

Field ion microscopy was performed ial1x 10~ 3 Pa of

Artificial multilayer film (MLF) structures are an inte- . . )
) . Ne. Three-dimensional atom probe analysis was performed
gral part of advanced magnetic sensors such as spin valve

o . ... In an energy-compen ical ition-sensitiv m
magnetoresistive elemerttThe interfaces between the indi- an energy-compensated _%pt ca 'posto € St. e ato
: . : . ) robe at a pressure ef5X 10" ° Pa with a pulse fraction of
vidual layers in spin valves influence the magnitude of th

. . .~ . 20% and a pulse repetition rate of 1500 Hz. The specimen
giant magnetoresistive effect. Structural characterization : . :
temperature was-60 K for both the field ion microscopy

with high spatial resolution, especially at layer mterfaces,and atom probe analyses. All compositions are given in

can assist in the qpt|m|zat|on of _deV|ce pg_rformance W_'thatomic percent and all error bar measurements are given as
respect to processing and operating conditions. There is

. . . . g.
crucial need for characterization techniques that can accu- A multilayer structure consisting of {Ta/CoFe/

rately map the compos@tion of these layers, and their imer(Cu/CoFe}X15/RL(CoFe/Rl)><5/Ru/NiFe} having layer
face:, . See;_r—ladtqmlc s_cale. PEIM)2 i h thicknesses of 7/1&/3)/50(3/1)/50/150 nm was deposited

. tom probe field ion m!croscopyb\ .) Is one tech- using a dc magnetron sputtering systémase pressure-5
nique that has the capability to characterize the local strucs ;4-6 Pa onto low resistivity p~0.050Q cm) silicon
tL_’re and c_omposmo_n of multlla_yer film devices with s_uffl- (100 substrates. The low resistivity substrate allowed the
ciently high spatial resolution. However, SpeCimen g,y hies 1o transmit the high voltage pulses required for atom
preparation for APFIM of MLF materials is challenging, robe analysié. Films were typically deposited in
since a suitable specimen essentially consists of a sharp _5mTorr (2.7-6.X10"Pa) of Ar at a rate of 0.1-0.2
pointed needldtip radius <50 nm containing the layers of /s small variations in these conditions were used to en-
|_ntere_st on _the end of the needle. Prewoqsly, atom probe o optimum deposition conditions in each layer.
field ion microscopy research has been limited to layers = pyior 15 deposition, the substrate was lithographically
which have been sputtered onto a previously evaporated f'elﬂatterned and partially etched into high aspect ratio posts
ion specimefi® or planar-deposited structures with Iayers~4lum><~4lum><~100#m tall. Following deposition
oriented parallel to the direction of the analy$is.The the posts were removed from the wafer by fracturing them
present work reports atom probe analyses of planarpeqr the hase and then attaching tHerith Ag-based epoxy
deposited multilayer structures from specimens fabricateg, metajiic needles to facilitate further handling. This speci-
with the layers in plan view at the apex of the specimen. o faprication process has several advantages compared to
previous methods” including the fact that1) the layers are
dElectronic mail: davidj_larson@notes.seagate.com deposited onto a planar substrat®) numerous specimens

0021-8979/2000/87(9)/5989/3/$17.00 5989 © 2000 American Institute of Physics

Downloaded 09 Feb 2001 to 128.219.47.178. Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html.



5990 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Larson et al.

Ni-17.06%Fe

<= NiFe

-«=Ru
-=(Ru/Co)x5
-<=Ru

(Cu/CoFe)

x15
-=Ta o ) ) . -
! FIG. 2. Field ion micrograph of the apex region of a specimen similar to the
. o one shown in Fig. 1 which shows a portion of the NiFe layer. Compositional
" 50 nm analyses were obtained at the three points indicated.

FIG. 1. Field ion specimen which contains a portion of the 380 nm
multilayer film structure prepared by focused ion-beam milling. layer is not contained in this reconstruction due to sample
fracturing during the analysis. At a distance greater tha@n
nm from the NiFe/Ru interface, the average composition of
the NiFe layer was 8170.5% Ni-17.5-0.5% Fe-0.14
+0.05% Ru-0.130.04% 0-0.110.04% C-0.09
+0.04% Ga-0.130.04% Ar-0.05-0.03% N. These
atom probe data provide quantification of the concentration
The specimens were sharpened with annular focusedf impurity elements, including Ar, incorporated into the
ion-beam milling'!% into the needle geometryequired for  films during the depositiofand subsequent processing sieps
atom probe analysis, as shown in Fig. 1. A thi@80 nm and include the position of these impurities with respect to
test stack structure was fabricated in order to ensure that the interfaces. The concentration of the various elements cor-
portion of the stack would remain unmilled on the apex ofresponding to the reconstruction in Fig. 3 may be quantified

can be fabricated simultaneously, af®l specimens can be
easily annealed directly on the wafer.

RESULTS

the specimen after focused ion-beam milling. in a compositional profile with the abscissa approximately
The feasibility of fabricating the desired specimen ge-normal to the interface plane, as shown in Fig. 4.
ometry is demonstrated by Fig. 1, which shows a ska®0 The apparent width of the NiFe/Ru interfac&0%—

nm radiu$ field-ion specimen in an orientation normal to a 90%) is ~0.5 nm at the position of this composition profile.
planar surface and sharpened such that the apex is formétbwever, significant Ru is detected to a depth~df nm in
from a region within~50 nm of that surface. The clearly the NiFe layer, as shown in Fig. 4.
apparent Cu/CoFe layered structure near the base of the stack
in Fig. 1 suggests that deposition onto a small flat surface
(~10 um?) does not adversely affect layer quality.

A field ion image of the fine-grained NiFe layer is shown
in plan view, Fig. 2. This layer is positioned at the specimen
apex in Fig. 1. Atom probe analysis may be performed at any
point in this image, as shown in Fig. 2. The average compo-
sition of the NiFe layer shown in Fig. 2, from all of the

measurements denoted in Fig. 2, was 803%% Ni-17.45
+0.5% Fe-0.160.06% C-0.090.04% O(with no signifi-
cant Ga detectgdThis compares well with the nominal tar-
get composition of 82.6% Ni-17.4% Fe and with x-ray g° ® : s
photoelectron spectroscopy measurements of 82.5% Ni- ° %e & 5
17.5% Fe. P

The interface between the NiFe cap layer and the under- |© ° o Ar
lying Ru layer was analyzed by atom probe analysis, as ® 0 e 0o® o ¢
shown in Fig. 8a) (the orientation is reversed from that in % oo ° L ?tnm
Fig. 1). The Ru atoms are denoted by large, dark spheres, the ° °
Ni atoms by small, light spheres and the Fe atoms by small, oo °% ¢
dark spheres. A projection of a reconstructed volume with 12 nm

dimensions 1X12x4 nm shows the spatlal distribution of FIG. 3. Three-dimensional atom probe analysis of an interface between

the _impurity elements (D!ight) and C(dark [Fig. 3b)] and  Nire and Ru layers showing the distribution(ef Ni, Fe and Ru atomsh)
N (light) and Ar(dark) [Fig. 3(c)]. A larger extent of the Ru  C and O atoms an¢t) N and Ar atoms.
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100 ¢ deposition process while sputtering targets were switched.
g 80 & Oxygen is more reactive than the other detected impurities
3 and the exposed Ru surface may have oxidized during the
g 60 T A switch to NiFe deposition conditions. There is also a possi-
E 40 £ :f:f, bility, but very unlikely for Ar, that defects and impurities
£ 5. were incorporated into the samples during focused ion-beam
3 milling.

0 This work demonstrates that atom probe analyses may

g 10 % be obtained from planar-deposited multilayers in a direction
& 3 ——e0 normal to the stack and demonstrates the feasibility of this
€ o7 :'_f$' characterization technique for these nanoscale multilayer
g 4+ structures. Future work includes refinement of the specimen
E 51 ﬁ e ' § preparation technique to enable accurate positioning of stack
3 ol e A.‘: .",& A M h ’ ' regions for atom probe analysis and employment of a dual-
i i 5 3 P beam focused ion-beam instrument in order to minimize Ga

Distance (nm) implantation and damage.

FIG. 4. Compositional profile of impurity elements across the NiFe/Ru in-
terface shown in Fig. 3. The profile shows a small Ru presence in the NIF; CKNOWLEDGMENTS
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